University of Arkansas, Fayetteville
ScholarWorks @ UARK

Theses and Dissertations

5-2019

Self-Assembled Nanoantenna Enhance Optical
Activity and Transport in Scalable Thin Films and
Interfaces

Keith Richard Berry Jr.
University of Arkansas, Fayetteville

Follow this and additional works at: https://scholarworks.uark.edu/etd

b Part of the Biochemical and Biomolecular Engineering Commons, Bioresource and Agricultural

Engineering Commons, Nanoscience and Nanotechnologzv Commons, Polvmer Science Commons,

and the Thermodynamics Commons

Recommended Citation

Berry, Keith Richard Jr., "Self-Assembled Nanoantenna Enhance Optical Activity and Transport in Scalable Thin Films and Interfaces”
(2019). Theses and Dissertations. 3208.
https://scholarworks.uark.edu/etd/3208

This Dissertation is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for inclusion in Theses and Dissertations by

an authorized administrator of ScholarWorks@UARK. For more information, please contact ccmiddle@uark.edu.


https://scholarworks.uark.edu?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uark.edu/etd?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uark.edu/etd?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/241?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1056?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1056?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/313?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/246?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/248?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uark.edu/etd/3208?utm_source=scholarworks.uark.edu%2Fetd%2F3208&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:ccmiddle@uark.edu

Self-Assembled Nanoantenna Enhance Optical
Activity and Transport in Scalable Thin Films and Interfaces

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in Chemical Engineering

by

Keith R. Berry Jr
University of Arkansas
Bachelor of Science in Chemical Engineering, 2014

May 2019
University of Arkansas

This dissertation is approved for recommendation to the Graduate Council.

D. Keith Roper, Ph.D.
Dissertation Director

David M. Ford, Ph.D. David Huitink, Ph.D.
Committee Member Committee Member
Robert H. Coridan, Ph.D. Jerry A. Havens, Ph.D.

Committee Member Committee Member



ABSTRACT

Continued population growth and the decrease of existing energy platforms demands long-
term solutions for development and implementation of scalable plasmonic metamaterials for
energy and agricultural applications. Self-assembled nanoantenna into random and ordered
arrangements are advanced herein for optical and thermal enhancements in scalable thin film. An
analytical approach to estimating the thermal dynamics of random arrangements of nanoantenna
resulted in estimates within 30% across a range of geometric parameters, nanoantenna-containing
media, and thermal parameters. Multimodal thermal dynamics of polymer thin films containing
gold nanoparticles (AuNPs) were observed through the natural log of the dimensionless
temperature driving force plotted versus time and were observed and studied across a range of
variables including film thickness, laser power, nanoparticle diameter, respective pixel location,
and laser spot size. Large area arrays of nanoantenna were fabricated through a modified directed
self-assembly process, which resulted in >2 mm x 2 mm areas with ~100% density of filled cavities
containing 150 nm gold nanoparticles. Optical extinction for ordered arrangements of nanoantenna
was estimated within 2% using rapid semi-analytic coupled-dipole approximation (rsa-CDA)
simulations when contained within patterned PDMS and transferred onto glass substrates. Two
biocompatible transfer approaches were developed and implemented to transfer ordered
arrangements of nanoantenna to the surface of a leaf: laser induction and resinous adhesion. Dark-
field microscopic imaging confirmed the ordering was maintained through the resinous adhesion
transfer process. Further development of the fabrication of ordered nanoantenna and transfer onto
leaf surfaces supports the design and implementation of crop-based sensors for real-time

monitoring of vital crop data for improving crop production and health.
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1. INTRODUCTION

1.1 Motivation

1.1.1 Scalable Plasmonic Metamaterials

Scalable processes for fabricating materials that take advantage of interactions with light to
produce optical and thermal energy enhancements remain a necessary focus as the human
population continues to increase and the existing energy platforms decrease. In particular,
transparent dielectric materials containing embedded plasmonic nanoantennas, i.e. nanoparticles
(NPs) or nanomaterials that can propagate, receive, and/or transmit electromagnetic waves, are of
increasing interest for electronics, catalysis, water desalination, and medical applications due to
the ability to utilize the electromagnetically-active NPs to produce enhancements in energy and
mass transport systems.>” Metallic nanoantennas, for instance, exhibit localized surface plasmon
resonances (LSPR) when exposed to an external electromagnetic (EM) field such as incident light
at the metals resonant frequency.’*?® Random dispersions of these metallic nanoantennas
assembled in polymer thin films produce significant thermal property and efficiency enhancements
compared to bare polymer thin films.?*?° Additional optical and efficiency enhancements are
observed when these metallic nanoantennas are assembled into organized structures, e.g. ordered
arrays, through the LSPRs of each individual particle coupling with the light diffracted from the
ordered arrangement resulting in a surface lattice resonance (SLR), i.e. Fano resonance or coupled
lattice resonance (CLR).2%30-3¢ These additional optical and efficiency enhancements appear as a
secondary feature within the extinction spectra and can be tuned by varying the lattice spacing,
nanoantenna geometry, nanoantenna material, incident EM field intensity, and the refractive index
(R1).343537-42 This work focuses on scalable fabrication techniques for producing polymer thin

films with gold (Au) NPs self-assembled into random and ordered arrangements and showing the



optical and thermal enhancements of randomly assembled AuNPs and optical enhancements of

AUNPs self-assembled into ordered square lattices.

1.1.2 Agricultural Sustainability

Real-time monitoring of vital crop information (i.e. photosynthetic properties, nutrient intake,
and responses to pesticides) are of increasing importance for further agricultural development to
meet higher sustainable food source demands due to rising human populations. Existing sensors
based on surface plasmon resonance, enzyme interaction, spectral activity, and transducing electric
field effect allow for non-invasive monitoring but are limited by sensitivity, specificity,
throughput, stability, and portability.*® The development of a facile and biocompatible sensor, e.g.
a two dimensional (2D) ordered nanoantenna array, would provide critical insight for maintaining
the agricultural requirements as well as overcome the limitations of existing sensor technology
through selective, energetic near-field responses with adaptive far-field signals.** Recent advances
in sensor technology, i.e. flexible electronics and wearable sensors, have been developed for real-
time monitoring of health applications with few also being used to monitor basic plant
responses.**>* Many of the advances in flexible electronics and wearable sensors has
predominantly relied on advances in techniques for printing nanomaterial structures where the
nanomaterial is either directly printed on a surface or transferred from one surface to another.*>4’
Existing printing methods include electron beam lithography (EBL), nanotribological printing
(NTP), aerodynamically focused nanoparticle (AFN) printing, dip-pen nanolithography (DPN),
tape nanolithography, direct laser writing, microcontact printing, and stamp-assisted
printing. 4952535562 Extreme conditions, e.g. high temperature, high vacuum, strong solvents,

and strong adhesives, limit implementation of these approaches for sustainable agricultural



applications. This work also introduces two novel printing methods for transferring ordered arrays

of AuNPs onto the surface of a leaf: (1) laser induction and (2) resinous adhesion.

1.2 Background
1.2.1 Plasmonic Nanoantenna in Polymer Thin Films

Fabrication methods ranging from in situ reduction,'>?%* direct dispersion of preformed
nanoantenna,®*®* self-assembly,®-5-67 [ithography,®8%° drop-casting,’®"* sol-gel,’>"* pulsed laser
deposition (PLD),”>® and electroless plating and thermal annealing®®’"-° have been employed to
produce nanocomposite media. These nanofabrication processes enable rapid and cost-effective
nanocomposite fabrication by adjustments to material properties for two- (2D) and three-
dimensional (3D) nanostructure creation. The addition of various types of nanoantennas, e.g.
metallic,%381-8 magnetic,2-° and semiconductor,®*®2 into polydimethylsiloxane (PDMS) films
using direct dispersion, in situ reduction, and self-assembly methods has increased in order to fully
characterize the nanoantenna properties without significant impact from the substrate through the
use of optically and thermally inert polymers like PDMS. Plasmonic nanoantennas embedded in
polymer thin films have continued to increase for applications like biomedical sensors,

microelectromechanical systems (MEMS), catalysis, and thermal therapeutics.

1.2.2 Thermal Dynamics of Plasmonic Metamaterials

Various methods for optothermal modeling of equilibrium and dynamic temperatures and
fluxes in plasmon-heated materials and systems have been explored. Such models range from one-
dimensional (1-D) analytical to 3-D computational methods.*%% Thermal dynamics in

continuous media heated by conventional bulk or resistive sources differ from those in resonantly



induced nanocomposites. In conventional heaters, thermal sources drive heat flux in a direction
opposite to a developing temperature gradient while 3-D distributions of plasmonic nanoantennas
in a host dielectric originate heat at point sources.” This heat origination at point sources can
improve its dissipation relative to surface or linear sources. Finite element analysis (FEA) via
COMSOL has been used to show thermoplasmonic Mie absorption, Fourier heat conduction,
Rayleigh convection, and Stefan-Boltzmann radiation relations can accurately estimate
thermoplasmonic dissipation.®? An analytical model that extends previously reported thermal
parameters and heat transfer equations and factors in film geometry and nanoantenna content was
developed to estimate the thermal dissipation rates and overall thermal dynamics of Au-PDMS
films with a range of AuNP concentrations and film thicknesses.®® Understanding the thermal
dynamics of plasmonic nanoantenna could yield fruitful advances in developing devices for a

range of applications including energetics, photovoltaics, tumor ablation, and thermal therapies.

1.2.3 Coupling of Plasmonic Nanoantenna in Ordered Structures

Nanoantenna exhibit LSPR through conduction-electron oscillations when an external EM
field is applied and can be coupled through the LSPR of individual particles when the nanoantenna
are assembled in ordered square lattices resulting in SLR enhancements across a broader portion
of the visible spectrum.1®-2030-36 S| R features exhibit tunability via lattice spacing, nanoantenna
geometry, incident EM field intensity, and the RI for varying optical, thermal, and electronic
applications.>*3>37-42 Simulations of extinction spectra of metallic nanoantenna containing LSPR
and/or SLR spectral features, e.g. plasmon hybridization, coupled dipole approximation (CDA),
rapid semi-analytic CDA (rsa-CDA), finite-difference time-domain (FDTD), and Fano theory,

have been shown to closely estimate both features compared to measured extinction



spectra.31:3336.99-101 The coupling of plasmonic nanoantennas in ordered structures present viable
opportunities for developing unique devices that utilize the optical and thermal enhancements for

energy related applications.

1.2.4 Nanoimprinted Sensors on Biological Surfaces

Many types of sensors have been developed and transferred to biological surfaces like that of
human skin or plant leaves for applications ranging from real-time health monitoring of biometrics,
muscular stress and strain, and exposure to ultraviolet (UV) radiation to real-time monitoring of
nutrient uptake, utilization and efficiency of a plant or row crop.*6:4849102 Methods such as EBL,
AFN, NTP, and DPN have been used to develop nanomaterials that could be transferred onto
different substrates but require high temperature, high vacuum, and strong solvents, which are
incompatible with sensitive biological surfaces like that of a leaf.>>° Recent advances in printing
techniques have produced possible options like tape nanolithography, direct laser writing,
microcontact printing, and stamp-assisted printing.5>°36%-62 Tape nanolithography offers the most
biocompatible option of the recent advances because the desired nanomaterial is deposited on a
donor substrate and subsequently removed via direct taping and peeling leaving the patterned
nanomaterial directly on the tape.>?® This patterned nanomaterial-containing tape can then be
transferred to biological surfaces like human skin or plant leaves and used to measure stress, strain,

reflectance, transmission, and relative humidity.483



1.3 Key Advances
The significant advances made in this work are:
1. Developed analytical approach to estimating the thermal dynamics of random
arrangements of AuNPs within different media.
2. Characterized the multimodal thermal dynamics of random arrangements of AuUNPs
within polymer films across a range of different variables.
3. Developed a reproducible approach to fabricating large-area ordered arrays of AUNPS in
pre-patterned PDMS films.
4. Matched measured extinction spectra peak locations for ordered arrays of AUNPS in
PDMS and transferred onto glass with rsa-CDA simulations within 2%.
5. Developed a reproducible printing process to transfer ordered arrays of AuNPs onto the

surface of a leaf.

1.4 Organization

Chapters 2 through 5 are publications that cover the approaches and key results pertaining to
the five key advances outlined above. Chapter 2 derives and applies an analytical approach to
estimating the thermal dynamics of random arrangements of AuNPs in colloidal suspensions,
deposited on glass, and embedded in polymer thin films. Chapter 3 studies the multimodal thermal
dynamics of AuNPs embedded in polymer thin films with respect to film thickness, laser power,
NP diameter, respective pixel location, and laser spot size. Chapter 4 describes the development
of a reproducible and scalable approach to fabricating large area ordered arrays of AuNPs along
with the subsequent optical characterization and comparison to simulated optical properties.

Chapter 5 presents two new nanoparticle printing techniques that were used to transfer ordered



arrays of AuNPs onto the surface of a leaf as a first step toward the development of a sensor for

real-time monitoring of vital crop information. Each of these papers discuss fabrication and

characterization methods for scalable nanocomposite media for enhancing the optical activity and

transport within thin films and across various interfaces. Chapter 6 summarizes the work and

outlines future research opportunities within this field of study.
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ABSTRACT

Thermal response rates of plasmonic nanocomposite materials limit their capacity for adaptive
control and scalable implementation. This work examines thermal dynamics in insulating and
conductive dielectrics containing two- and three-dimensional disordered distributions of
plasmonic gold nanoparticles (AuNP). It is shown that a balance of micro- and macro-scale internal
and external dissipation rates can model overall thermal dynamics and dissipation rates measured
for widely varying composite materials to within a few percent using independent geometric and
thermodynamic parameters. The independent estimates are within 2.6% of values measured for
isolated colloid AuNP suspensions; between 0.15 to 13.4% for randomly-sized AuNP embedded
in polymer films; and within 5.4 to 30.0% for AuNP deposited on conductive ceramics. Estimated
thermal dynamics for AuNP embedded in thin polymer film are higher than AuNP in fluid or on
ceramic substrates. This modeling approach could guide design and deployment of thermally

responsive plasmonic energy materials, sensors, and therapeutics for heat-sensitive applications.
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2.1 Introduction
Transparent dielectric materials containing plasmonic nanoparticles (NPs) are of increasing

13-16 \vater desalination,’18

interest for fluid™? and solid sensing,®® electronics,®*? catalysis,
medical applications,’®*?® and microelectromechanical systems (MEMS).?#? New routes to
synthesize nanocomposite media?®28 and evolving approaches that describe their optical®®-? and
thermal properties?®-133-3° and energetics*® have expanded their utility. Optothermal descriptions
of equilibrium and dynamic temperatures and fluxes in plasmon-heated materials and systems
range from one-dimensional (1-D) analytical***? to 3-D computational methods.***° Yet limiting
thermal response rates of available thermoplasmonic materials constrain their adaptive control and
scalable implementation. A description of thermal dynamics based on widely applicable geometric
and thermodynamic metrics is needed to design plasmonic nanocomposites with improved
response for scalable incorporation into complex structures that could include heat-labile
biophysical systems.

Thermal dynamics in resonantly-induced nanocomposites differ from those in continuous
media heated by conventional bulk or resistive sources. In conventional heaters, micro- to macro-
scale bulk, surface, or linear thermal sources drive heat flux in a direction opposite to a developing
temperature gradient.*® Conversely, 3-D distributions of plasmonic NPs in a host dielectric
originate heat at point sources, which can improve its dissipation relative to surface or linear
sources. Resonant induction of plasmons on NPs induces adsorptive thermal dissipation, as well
as re-radiation, from nano-sized metal/dielectric interfaces.*” Concurrently, geometric scattering
from wavelength-scale inclusions and surface reflection may occur in nanocomposite materials

containing NPs.*34° Re-radiated, scattered, and reflected incident photons can supplement plasmon

induction to accelerate thermal response and increase heat flux and equilibrium temperature in
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nanocomposites beyond values absent these optical effects.>® Despite widespread consideration of
pseudo-equilibrium temperatures and thermal fluxes in resonantly irradiated nanoparticle-
containing media, evaluation of the consistency of thermal dynamics with microscopic continuum
description of thermal transport in these media has been limited.

Mathematical description of dynamic thermal response in nanocomposite materials ranges

from analytical solutions***? to 3-D numerical analysis.***

Compact analytical models in
particular provide rapid, intuitive insight into thermophysical behavior of nanocomposite
materials.3%-42455152 An analytic 1-D continuum description of optoplasmonic heating by NP in
fluids and solids has been used to characterize external dissipation rates in micro- to nano-scale
thermoplasmonic samples and systems in which internal equilibration is rapid.?®3%°3-¢° Resistance
to internal dissipation becomes non-negligible, however, in thermally resistive polymers
embedded with plasmonic nanoparticles. For such nanocomposite media, the validated expression
for external dissipation must be concatenated with an expression for internal dissipation. However,
an intuitive, analytic approach that evaluates relative contributions of both internal and external
dissipation to overall thermal dynamics of nanocomposite media has not been previously
examined.

This work shows measured values of overall thermal dissipation of transparent ceramic and
polymer dielectrics that are embedded with 2- and 3-D disordered distributions of plasmonic NPs
compare favorably with a priori predictions from a new, series-resistance model that accounts for
internal as well as external dissipation rates. The NP-containing materials are considered in
thermal isolation as well as in closed and open systems, some of which include phase change. A

dynamic thermal response that balances internal microscale and external macroscale thermal

dissipation rates is introduced. It is calculable independent of measured thermal dynamics using
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thermodynamic and geometric metrics for each particular material and system. It is shown that
the estimated dynamic thermal response of NPs distributed in polymer films is 8-fold higher than
for isolated NPs on surfaces. Materials with predictable, high dynamic thermal response are better
incorporated into complex devices, improve adaptive control, and enhance use with thermally-
labile (e.g., biological) media. Accounting for both internal and external dissipation rates using
intrinsic thermodynamic and geometric properties allows enhanced thermal dissipation rates to be
distinguished in particular types of nanocomposite media. This approach could be broadly useful
to guide intuition, design, and development of responsive plasmonic energy materials, sensors,

MEMS, and therapeutics for heat-sensitive applications.

2.2 Materials & Methods

2.2.1 Materials

Polydimethylsiloxane (PDMS; Sylgard® 184 silicone elastomer kit #4019862) was purchased
from Dow Corning (Midland, MI). Hydrogen tetrachloroaurate (I11) (TCA; HAuCls*3H20,
G4022) was purchased from Sigma-Aldrich (St. Louis, MO). Organic spherical gold nanoparticles
(0AuNPs) (20-NS-20-50, 16 nm) were purchased from Nanopartz (Loveland, CO). Distilled, de-
ionized water (Milli-Q, Billerica, MA) was degassed (DDD) for use in preparing aqueous

solutions.
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2.2.2 Thermal equipment and data analysis

532 nm green solid state laser (MXL-H-532) was purchased from CNI (Changchun, China).
Power meter (PM310D), shutter (SHO5), and shutter controller (SC10) were purchased from
Thorlabs (Newton, NJ). Infrared thermal imaging camera (ICI 7320, P-Series) with a pixel
resolution of 320 x 240 was purchased from Infrared Cameras Inc. (Beaumont, TX).

As previously detailed, thermal data was collected from PDMS films and SiO» capillaries
aligned vertically with a resonant laser using an infrared (IR) thermal imaging camera. The laser
spot was centered in each sample.?® Transmitted laser power up to 150 mW, obtained by adjusting
a neutral density filter, was recorded before, during, and after each experiment using a power
meter. The experiments consisted of 3 to 5-min resonant laser irradiation followed by cooling to
baseline temperature. A programmable shutter opened and closed to control laser irradiation. The
thermal imaging camera was programmed to record temperatures in- and outside the field of view
during pre-equilibration, heating, and cooling. Thermal data from SiO> capillaries containing
aqueous AUNP suspensions was obtained using a thermocouple.

Thermal time decays were computed as detailed previously.>*- Thermal data was analyzed
using MATLAB. To standardize results from films with different AUNP content, a cutoff time of
30 seconds was selected to calculate the thermal time decays. A sensitivity analysis of upper and
lower relative variance at 30 +/- 10 seconds respectively showed modest increase/decrease of
measured thermal time decay within 4 to 20 %. These variations were due primarily to drift in
ambient temperature during cooling: as the time increased the change in temperature decreased.
Calculations at 10 different positions in the laser spot confirmed reproducibility of the calculated

values.
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2.2.3 Fabrication of AUNP-containing samples

PDMS films with uniformly-sized, organic-coated (0) AUNPs

Table 2.1. Composition, geometry, arrangement, measured overall thermal equilibration time, and

irradiation parameters for four AUNP nanocomposite samples.

Sample 1% Sample 2% Sample 3% Sample 4%
Description Random (r) Random Random AuNP Uniform
and uniform | AuNP on SiO> on SiO2 AUNP in H20
(0) AuNP in (elongated
polymer geometry)
Inner dimensions 5.0x5.0x 10x4.0x0.2 | 14x4.0x0.2 15.9x 4.0 x
LXWxD (mm) 0.68 0.2
AUNP arrangement 3-D 2-D 2-D 3-D
distribution distribution distribution suspension
AUNP type AuNP (r) NPs annealed | NPs annealed 20 nm Au
reduced from | from Au island | from Au island colloid
HAuCl4 film film suspended in
H20
16 nm organic
coated (0)
AuNP
Gold content (mass %) | Reduced (r): H-0: 0.0071 H»0: 0.0108 0.0092
0.007 t0 0.190
Organic (0) : Air: 0.0018 Air: 0.0091
0.002 to 0.005
Dielectric around PDMS (r) H>0/SiO> H>0/SiO> H>0 (colloid)
AuNP PDMS (o) Air/SiOz Air/SiO;
Measured overall Reduced (r): H.0:8.39 + H20:15.56 + 86.3 £8.61
thermal equilibration 14.8 to 21.5 1.05 1.58
time, 771 (S) Organic (0): Air: 479 + Air: 6.53 +
14.8t0 16.4 0.39 0.41
Laser wavelength (nm) 532 514 514.5 514
Laser power (mW) 100 4t018.4 50 to 150 170
Laser spot size (mm) <2 1.5 2.4 3
Irradiation time (5) 180 30 to 240 240 320
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As was previously detailed, oAuNP-PDMS films were fabricated as follows.?° The base
polymer and curing agent were mixed in a ratio of 10:1 for a total of 1.0g. Suspended 0 AuNPs
diluted in ethanol to 10'* NP/mL were added into 1.0 g of PDMS film solution. The o AuNPs-
PDMS film solution was degassed and placed in an oven for 6 min at 70 °C to remove ethanol.
The mixture was then degassed and mixed for an additional 10 min. Afterwards, the film was
distributed evenly onto a glass curing surface and cured on a hot plate at 150 °C for 10 min. The
resulting oAuNP-PDMS film was sectioned into 5.0 x 5.0 mm (width x length) squares with an
approximate thickness of 0.65 mm. Spectroscopy and images confirm that AuNP dispersed by
this and the following method result in random 3D distributions.?%-30:49.50

The composition, geometry, arrangement of AuNPs, and overall thermal equilibration times
measured for these films are summarized in Table 2.1 (Sample 10). The films were irradiated at
532 nm at a power of 100 mW until temperature stabilized. A programmable shutter was activated
to cease irradiation, whereupon thermal equilibration times were measured to decrease from 16.4

to 14.8 s as Au content increased from 0.002 to 0.005 mass percent.

PDMS films with randomly-sized, reduced (r) NP

Briefly, rAUNP-PDMS films were fabricated similar to oAuNP-PDMS by first mixing the base
polymer and curing agent in a ratio of 10:1 and adding diluted HAuCl4 solution at eight different
gold concentrations.?® Ten pL of each respective diluted HAuCI4 solution was added to 2.0 g
PDMS film solution, mixed, and heated at 70 °C to remove water. After further degassing and
mixing, the films were distributed, thermally cured, and sectioned using the method discussed for

0AuUNP-PDMS.
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Table 2.1 shows data for these films (Sample 1r). After irradiation at 532 nm at a power of
100 mW, thermal equilibration times were measured to decrease from 21.5 to 14.8 s as Au content
increased from 0.007 to 0.19 mass percent. The decreases coincided with increases in mass-
averaged composite thermal diffusivities for the respective samples. Mass-averaged composite
thermal diffusivities represents an upper limit estimate of nanocomposite thermal conductivity.
Employing bulk polymer values to estimate nanocomposite thermal diffusivity values reduced

linearity and increased variability between predicted and measured values.

AuNPs on SiO;

Briefly, AUNPs were thermally annealed from Au island films that had been electroless-plated
onto silica capillaries.>* Internal walls of SiO; capillaries were sensitized with tin solution for one
min, activated by ammoniacal AgNO3z for 30 s, then galvanically replaced by Au reduced from
Nas[Au(SOs3).] for 30 s. Sensitization, activation, and replacement were repeated three times at
alternating ends of the capillary to provide uniform plating. AuNPs were formed by heating the
Au island film at successively higher temperatures of 250, 350, and 500 °C with heating and
cooling times of 15, 15, and 25 min, respectively. Table 2.1 shows data for the Au-coated
capillaries (Sample 2) with inner dimensions of 0.2 x 4.0 x 10.0 mm (D x W x L) and a wall
thickness of 0.2 mm.

A second set of thermally annealed EL gold plated films on longer silica capillaries (Sample
3) was fabricated by a slight modification of this approach.>® Sensitization, activation and galvanic
replacement steps were repeated in 1 min, 30 s, and 30 s intervals for total exposure times of 3

min, 2 min, and 4 min, respectively. AuNPs were annealed from the gold films plated on the
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capillaries at successive temperatures of 250 and 750 °C at heating ramp times of 1 h and 30 min
with exposure times of 3 h and 30 min, respectively. Inner dimensions of the longer capillaries
were 0.2 x 4.0 x 14.0 mm (D x W x L) with a wall thickness of 0.2 mm.

Thermal equilibration times for each capillary were examined under empty conditions (i.e.,
air-filled; 2a and 3a) as well as filled with water (2w and 3w) to evaluate effects of increased
thermal mass, conductivity, and heat capacity in a comparable geometry. Irradiation was at a
resonant wavelength of 514 nm at powers from 4 to 18.4 mW for Sample 2. This yielded thermal
equilibration times of ~4.8 and ~8.4 s for empty and water-filled capillaries shown in Table 2.1,
respectively. Increasing thermal mass by including water in the capillary lengthened the thermal
response time. Irradiation of Sample 3 at 514.5 nm at powers between 50 and 150 mW resulted in
predictably longer thermal equilibration times of ~6.5 and ~15.6 s for these empty and water-filled

capillaries, respectively.

AUNP suspension

Briefly, 20 nm diameter Au colloid purchased from Sigma (G 1652, St. Louis, MO) was
concentrated to ~0.01% w/v Au at 12000 rpm for 15-20 min, then resuspended in DDD water.>
The suspension was placed in a glass capillary tube with inner dimensions of 0.2 x 4.0 x 15.9 mm
(D x W x L) and a wall thickness of 0.2 mm. It was sealed in place using 5 Minute Epoxy.
Irradiating the capillary isolated at vacuum conditions with a 514 nm laser at 170 mW resulted in
an external thermal time constant of ~86 s. Measured thermal equilibration times for Sample 4,

shown in Table 2.1, where higher than for other samples due to elimination of convection,
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minimization of conduction, and suspension of the AuNP in an aqueous matrix with a high heat

capacity.
2.2.4 Dissipation rates and dynamic thermal response

The overall dynamic thermal response of a plasmonic system to resonant irradiation is a result
of its external dissipation, zex = X miCp,i/U, relative to its intrinsic internal dissipation, zint = Lc¥/a,
where subscript i represents each respective component in the sample, m; is its mass, Cp, is its heat
capacity, Lc is a characteristic thermal length of the sample (for 3D AuNP distributions, L. = D,
sample thickness; for 2D AuNP distributions, L. = the average distance from the plane of AuNP
to each major sample surface), o is the mass-averaged thermal diffusivity calculated on a percent

mass basis, and U is defined as®®
U= kCL_IjC+hconvA5+ASSG(T2+T§mb)(T+Tamb) (1)

where K¢ is the thermal conductivity of the heat-conductive material, Ac is the contact area
perpendicular to conduction, L. is the characteristic length for conduction to the environment, heony
is the heat transfer coefficient for convection, As is the surface area of the film, ¢ is the emissivity
of the material, ¢ is the Stefan-Boltzmann constant, and Tamp iS the ambient temperature. T
represents the dynamically changing surface temperature that occurred during heating or cooling
of the sample. The value of T used for calculations in this work was the average surface
temperature at hot equilibrium, Tmax. This represented an upper limit for U since the hot
equilibrium surface temperature occurred only at the start (end) of cooling (heating). Use of T =
(Tmax + Tamb)/2 (or other intermediate values) reduced differences between measures and estimates

of dissipation rate and thermal response.
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Estimation of hcony in microscopic plasmonic systems was recently examined.*® For horizontal

systems irradiated at the lower surface, like AUNP-PDMS polymer films, heony is estimated by*®->
k
hoom= - 0.27Ra,”* )

where k is the thermal conductivity of the fluid, L¢ is a characteristic length defined as the film
area divided by the plate perimeter, and Ray is the Rayleigh number defined by Ra. = gp?SCp(T-
Tamb)L3/ku Where g is acceleration due to gravity, p, B, Cp, K, x are the density, coefficient of thermal
expansion, heat capacity, thermal conductivity, and viscosity of the fluid, respectively. It is noted
that Raleigh numbers for the samples studied fall outside the range for which this correlation was
obtained. Use of a second correlation for horizontal plates in which a coefficient of 0.54 replaced
0.27 resulted in estimates for thermal dissipation decreasing by as much as 53%.

For vertical systems irradiated from the side, like the AUNPSs on SiO2, heony is estimated by#6>°

0.67Ra)’*

9/16\4/9
<(1 0.492k) )
uCp

where k, i, Cp, and Ray are defined as in Equation (2) and L is defined as the height of the plate

(3)

hconV=L£c 0.68+

in the vertical direction.

External dissipation varies with sample composition and geometry as well as environment.
Internal dissipation is determined by composition and geometry. Taking a ratio of external, zext =
> miCpilU, relative to internal, zint = L%/, dissipation times, and accounting for geometry of the

sample or system yields an expression for the characteristic time for external heat dissipation, zext,
1k

Text— wU L-W-D (4)

where a is the mass-averaged thermal diffusivity, k is the mass-averaged thermal conductivity

calculated on the same mass percent basis, U is the overall heat transfer coefficient defined in
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Equation (1), and D,W, L, are thickness, width, and length of the sample. See supporting

information for details.

2.3 Results & Discussion

2.3.1 Overall thermal dissipation rate and dynamic thermal response

Total overall resistance, Rr, to thermal dissipation when internal and external dissipation occur
at distinguishable rates may be described by a series relationship, Rt = Xj Ri where subscript i
denotes system components with varying thermal resistances Ri. Written terms of dissipation rates,

with time constants being proportional to resistances, this relationship becomes

I N 1] 6

Text
T 2T TintText  Tint | 1T

Tint
where 7int and zext are the internal and external time constants for thermal dissipation as defined
above. The right hand side of Equation (5) has been rearranged to indicate that for thermally
conductive substrates that support NPs (i.e., ceramics) when zint << zext, then zr ~ zex:.

Overall thermal dissipation in samples for which zint << zext can be analyzed by considering
only external dissipation processes while neglecting effects of internal dissipation rate. External
heat dissipation processes are described in Equation (1): conduction, convection, and radiation.
This is the approach taken to date for fluidic and ceramic AuNP-containing materials. It has been
validated for multiple geometries.>*>® However, when zint ~ 7ext, the overall dissipation rate reduces
to half the internal (external) dissipation rate, and the full expression in Equation (5) must be used
to accurately compare measured dissipation rates to estimates of overall dissipation. This latter

approach is introduced in this work to characterize plasmonic AuNP thermal dynamics and
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dissipation rates on thermally resistive polymer substrates, conductive ceramic substrates, and
fluid suspensions.

The dimensionless ratio zext /zint in Equation (5) is characteristic of the overall dynamic thermal
response of the system. It is a measure of the rate at which energy is dissipated from the
nanoplasmonic system to its environment, relative to the rate that energy is dispersed via
conduction or other means (e.g., via optical scattering, reflection, or re-radiation for plasmonically-
heated systems) within the system. By using Equations (1)—(4), this ratio may be determined a
priori from thermodynamic and geometric parameters of the system by taking the external heat
dissipation rate, the reciprocal of (4), relative to the internal dissipation rate, zint = a/L2. This

results in an estimate for dynamic thermal response given by

i _U D

— (6)

Text k WL

2.3.2 Dynamic thermal responses of AuNP-containing samples

Figure 2.1 shows dynamic thermal responses estimated using Equation (6) for Samples 1 to 4
in Table 1 plotted against the rate of internal dissipation. The highest dynamic thermal responses
were exhibited by plasmonically heated PDMS films in which uniform 16-nm AuNP (Sample 1o,
red circles) or heterogeneous AuNP (1r, black circles) have been embedded. This occurred
primarily due to lower thermal diffusivities in these samples than in short (Sample 2, squares) or
long (Sample 3, triangles) silica capillaries whose inner surfaces were decorated by electroless
deposited AuNP. Vacuum-insulated silica capillaries containing AuNP colloid suspended in water
(Sample 4, diamonds) had the lowest dynamic thermal responses due to reduced convective heat

transfer externally.
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Figure 2.1 Dynamic thermal response, UD/KWL, estimated using Equation (6) for AuNP-
containing composites made primarily of PDMS (Sample 1, circles) or silica (Sample 2, squares;
Sample 3, triangles; and Sample 4, diamonds). Dynamic thermal response is plotted vs. internal
dissipation rate.

Dynamic thermal responses of PDMS embedded with uniform or heterogeneous AuNP
decreased from about 0.24 to 0.08 as the Au content in the samples was lowered. These values for
dynamic thermal response were from three to 26 times higher than those for silica capillaries
decorated with AuNP. Since for PDMS media embedded with AuNP, zint approaches zex, use of
the full expression in Equation (5), rather than the simple expression for external dissipation, zex

= 2 miCp,i/U, was required to fully characterize the thermal dynamics and overall dissipation rate

of these samples. This represents the first instance that an analytic heuristic for internal and
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external dissipation based on independently-measured thermodynamic and geometric parameters

had been introduced to characterize overall thermal dynamics of nhanocomposite media.

2.3.3 Thermal dissipation rates of AUNP-containing samples

Figure 2.2 compares the measured rate of total thermal dissipation, zr, (units of inverse
seconds) for each sample (filled symbols) with corresponding rates estimated independently from
thermodynamic and geometric parameters (hollow symbols) using Equations (1) through (5).
Values of zr are plotted as a function of characteristic internal thermal dissipation rates, a/L¢?, for
each sample. For measured data, error bars show +/- two standard deviations for replicate data;
error bars not seen were too narrow to appear outside the symbols.

In general, measured and estimated values of the total dissipation rate increased with the mass-
averaged thermal diffusivity («) of the sample. As examples: total dissipation rate increased with
increased Au content in Samples 1o and 1r; and total dissipation rate typically increased for
conductive substrates (Samples 2a, 2w, 3a, 3w) relative to insulative substrates (Samples 1r, 10).
Faster internal thermal dissipation (i.e., lower zint) yielded more rapid system equilibration, (i.e.,

lower 1) as anticipated by Equation (5).
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Figure 2.2 Measured (filled symbols) and estimated (open symbols) values of total dissipation rate
for: PDMS film embedded with uniform 16-nm AuNP (Sample 10; red circle) or heterogeneous
reduced AuNP (Sample 1r; black circle); SiO2 capillaries of short (Sample 2, squares) or long
(Sample 3, triangles) dimensions on whose inner surfaces AUNP were annealed, either empty (2a,
light green square; 3a, black triangle) or filled with water (2w, dark green square; 3w blue triangle);
and SiO- capillaries filled aqueous AuNP suspension (Sample 4; orange diamonds).

For a particular material (SiO2 or PDMS), the total dissipation rate was increased relative to
internal thermal processes by the following: (1) decreasing thermal mass of the sample by
replacing water (Samples 2w and 3w) with air (Samples 2a and 3a); (2) reducing sample elongation

(Samples 2a, 2w vs. 3a, 3w); or (3) using uniform oAuNP (Sample 10) rather than non-uniform

rAuNP (Sample 1r). In contrast, minimizing external heat transfer by insulating capillary surfaces
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from convection (Sample 4) dampened total dissipation rate relative to uninsulated Samples 1, 2,
and 3.

More conductive materials (i.e., Samples 2a, 2w, 3a, 3w, and 4) exhibited values of total
dissipation rate that were approximately 1% (Sample 4) to 3% (Sample 2a) of corresponding
internal dissipation rates. As an example, the internal (external) dissipation rate estimated for
Sample 2a was 7.603 s (0.2034 s1), giving an estimate of 0.1981 s for the total dissipation rate
using Equation (5). This estimate was within 2.6 % of the measured total dissipation rate of 0.2088
s, Conductive materials decorated with AuNP clearly exhibited Tint << Tex: SO that total dissipate
rate was dominated by the external heat dissipation rate.

More insulating materials (i.e. Samples 10 and 1r) exhibited values of total dissipation rate that
were approximately 8 to 20% of corresponding the internal dissipation rates. For example, the
PDMS-based Sample 1r that contained the least gold (i.e., the left-most filled black circle in Figure
2.2) had an internal (external) dissipation rate of 0.2579 s (0.0587 s). This yielded an estimate
of 0.0478 s for total dissipation rate using Equation (5), which was nearly equal to the measured
total dissipation rate of 0.0479 s. Thus for insulative materials embedded with AuNP, both

internal and external dissipation contribute to overall dissipation rates.

2.3.4 Measured vs. estimated total dissipation rates of AUNP-containing samples

Overall, correspondence between measured total dissipation rate (filled symbols) and
independent a priori estimates from physical and geometric parameters (hollow symbols) in Figure
2.2 is noteworthy, considering the broad ranges of thermal diffusivities, geometric dimensions,

and morphologies represented by these nanocomposite materials and systems. Samples 4, 2a, 3a,
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and 1r exhibited the closest agreement. Estimates for total dissipation rates were within 2.6% of
values measured for isolated colloid NP suspensions (Sample 4); within 5.4 to 8.0% for AuNP
deposited on SiO> surrounded by air (Sample 2a and 3a); and within 0.15 to 13.4% of values
measured for random NPs embedded in PDMS (Sample 1r).

This close agreement occurred despite the range of thermodynamic and geometric parameters
represented by these materials. For example, the thermal diffusivity of silica-based Sample 3a
(6.9e-7 m?/s) was seven-fold (1.3-fold) larger than the lowest (highest) Au-containing PDMS-
based piece of the series in Sample 1r: ~1.23e-7 m?/s (5.17 e-7 m?/s). The longest dimension of
Sample 4 (15.9 mm) was three-fold higher than that in Sample 1r (5 mm). Samples 2a and 3a
consisted of randomly-sized AuNP annealed from Au island film that were distributed two-
dimensionally on a conductive SiO surface; whereas Sample 1r consisted of randomly-sized
AUNP reduced from Au salt distributed three dimensionally throughout the bulk polymer. Sample
4 contained uniformly-sized, pre-formed AuNP dispersed in a colloidal fluid suspension.

Measured values for total dissipation rate for PDMS embedded with three-dimensional
dispersions of pre-formed, uniform AuNP were, on average, 19% larger than estimates. The
difference in measured dissipation rate relative to estimated rate was consistent in sign and
comparable in magnitude with corresponding differences in measured surface power emission
relative to estimated emission reported for PDMS thin films embedded with AuNP.%® Reported
power emission was attributable by finite element analysis to Mie absorption, Fourier heat
conduction, Rayleigh convection, and Stefan-Boltzmann radiation. Examination is underway to

elucidate the source of these differences.
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2.3.5 A new analytic heuristic for thermal dissipation rates from AuNP-containing samples

This work introduced and validated an analytic heuristic that combined micro-scale internal
and macro-scale external dissipation rates based on independently-measured thermodynamic and
geometric parameters to characterize thermal dynamics (dynamic thermal response rates and
overall dissipations rates) of conductive and insulating materials resonantly heated by plasmonic
AuUNP. The need for the expanded heuristic in insulating polymer nanocomposite media was
confirmed. Its utility in estimating thermal dynamics was validated for broad variations in several
sample features: sample composition (including gas, fluid, and solid components), geometry, and
morphology; AuNP size, distribution, and arrangement (2-D or 3-D); thermophysical parameters
(conductivity, heat capacity, density, diffusivity); and thermal environments (vacuum isolation,
convective, conductive, and radiative) for microscopic, continuum systems. This systematic
approach provides an intuitive, useful heuristic to design and tune active thermal activity in
thermoplasmonic systems to obtain a desired thermal dissipation rate/equilibration time. This has
value in development of responsive plasmonic energy materials, sensors, MEMS, and therapeutics

in heat-sensitive applications.

2.4 Conclusions

Characterization of thermal dynamics in insulating polymer films embedded with AuNP requires

consideration of both internal, bulk conductivity as well as external convection, conduction, and

radiation to understand and estimate thermoplasmonic dynamics. Series summation of internal

and external rate processes estimated independently using geometric and thermodynamic
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parameters accurately represents overall measured thermal dissipation rates in materials that have
a broad range of sample composition, geometry, and morphology; NP size, distribution, and
arrangement; thermophysical parameters; and surrounding thermal environments. Total thermal
dissipation rates from aqueous suspensions or insulating polymer media containing
homogeneously dispersed, random-sized NPs may be estimated to within a few percent of
measured values using this relationship. This intuitive, heuristic approach could be useful to design
plasmonically-heated nanocomposite samples that balance external and internal dissipation rates
in order to obtain desired thermal responses to support use of thermally responsive plasmonic

materials in energy, sensing, and theranostics.
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ABSTRACT

Nanoscale plasmonic metamaterials have become a hot topic of interest in numerous
multidisciplinary fields, ranging from biology with hyperthermia treatments, to optics for sensing
and waveguides. Energy acquired from incident irradiation can be remitted as light or decay into
phonons that propagate through the medium and result increasing material temperatures. Previous
work studied the equilibrium effects on the thermal dynamics of plasmonic metamaterials. This
work studies not only the equilibrium thermal dynamics but also the effects of the dynamic portion
of the material thermal dynamics on the initial cooling properties of nanocomposite at various film

geometries, nanoparticle diameters and concentrations, laser irradiation powers, and position
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within and adjacent to the laser spot. The dynamic cooling response of the films indicate an
amplified thermal dissipation mechanism greater than bulk heat transfer means. Films of lower
thicknesses containing 16 nm gold nanoparticles (AuNPs) irradiated at 13.5 mW laser power
showed highest amplification and tunability of the dynamic thermal mode within and adjacent to
the heat spot. Results of this work will benefit in the construction of thermal dynamic dissipation

devices and the understanding of the cooling dynamics of nanocomposite materials.

3.1 Introduction

Plasmonic metamaterials containing various nanostructures have become a field of high
interest and study in recent years, due to their ability to redistribute electromagnetic energy into
different forms (i.e. remission, scattering, phonons, polaritons). Energy from incident radiation
couples with the electron cloud of the material, is reradiated and decays into phonons, before
relaxing into the surrounding medium.*® These optical and thermal enhancement capabilities have
been utilized in materials that facilitate increased performance in catalytic reactions,® thermal
ablation,” sensing,® and solar cells.®° Substrate composition,'! nanoparticle composition!>*3 and
morphology,**® and intensity of incident light promote tunability of metamaterials containing
plasmonic nanostructures.6

Equilibrium thermal dynamic studies on the photothermal responses of plasmonic
nanoparticles (NPs) have been highly characterized in various media like colloidal suspensions,®
polymers,t and ceramics.!® NPs dispersed in colloidal suspensions of various fluids (i.e.
nanofluids) resulted in an increase in the thermal conductivity of the suspension,*® but the thermal

response per NP decreased to near zero.?° Numerical models for estimating and modeling the heat
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dissipation have also been used to analyze nanofluids used in microchannels,?* while other models
utilize the thermodynamic properties to predict the structure of materials.?>? Heat exchangers and
other thermodynamic components have recently been constructed using NP-containing materials
in order to analyze the heat transfer properties of the materials and components.?* These
equilibrium thermal dynamics studies have yielded significant advances in furthering the
underlying thermal responses of materials used for advancing the understanding of key thermal
properties like the heating in a biological microscope.?® While understanding the equilibrium
thermal dynamics has been key to advancing technology and research that utilizes heat transfer,
the understanding of the dynamic thermal dynamic mode is still lacking.

This work shows that the dynamic and equilibrium thermal dynamic modes of gold (Au) NPs
randomly dispersed into polydimethylsiloxane (PDMS) thin films amplify the thermal dissipation
within and adjacent to the heat spot during cooling after laser irradiation has ceased. A variable
analysis of the film geometries, AUNP diameters and concentrations, laser irradiation powers, and
the position of the pixel selected for analysis was performed to determine the variables that had
the highest impact on the thermal dissipation. Observable amplification of the thermal dissipation
beyond bulk polymer heat transfer were shown within the dynamic thermal mode with tunable
thermal dynamics with respect to each of the aforementioned variables. Highest tunability was
observed for 16 nm AuNPs in thinner polymer films at 13.5 mW laser irradiation and with the
controlled selection of pixel locations within and adjacent to the heat spot. This work will serve to
improve the understanding of dynamic and equilibrium thermal dynamic modes, yield higher
accuracy in thermodynamic simulations, and enhance the design capabilities for solving

engineering heat transfer problems.
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3.2 Materials and Methods.

3.2.1 Film Fabrication and AuNP Addition.

Thin PDMS films containing AuNPs were fabricated using a recent method that increased NP
content and eliminated observable gas/vapor entrapment and NP aggregation.® Briefly, dried, 16
nm poly(vinylpyrrolidone) (PVP)-coated AuNPs (Nanocomposix Inc., San Diego, CA) were
dispersed into isopropanol (IPA) to 1 mg mL™ then dispersed into PDMS (Sylgard® 184 silicone
elastomer kit #4019862, Dow Corning, Midland, MI) at 10*1-10'2 NP cm™. Fabrication of AuNP-
PDMS films were fabricated as followed: (1) PDMS monomer and crosslinker were mixed at a
10:1 ratio and degassed for 2 hours, (2) a volume of AuNP-IPA dispersion was added into the
uncured PDMS and mixed for 1 hour, (3) a 1.5 g mass of AUNP-IPA-PDMS was poured into 25 x
25 x 1 mm polystyrene sample box and cured at 60 °C for 24 hours, and (4) sample box was
wrapped in foil to prevent light-induced curing. The 16 nm AuNP containing films are shown in
Figure 3.1 below. A similar procedure was followed for 76 nm AuNP-PDMS film synthesis with

images of the resulting films shown in Figure S1 in Supporting Information.

16 nm AuNPs

Thickness (mm) 1.07 1.07 1.45 1.03 1.25 0.93
Gold Content ([AuNP]) (%) 0.015  0.01 0.0075 0.005 0.002  0.001

Figure 3.1. Images of the PDMS films containing 16 nm AuNPs showing corresponding
concentrations and thicknesses.
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3.2.2 Optical Analysis.

Spectra of the AUNP-PDMS films fabricated using the method above were captured using a
spectrometer (AvaSpec-2048, Avantes, Broomfield, CO, USA). Optical properties (i.e., scattering,
absorption, and extinction) of AuNP were derived via Mie theory (Mie Theory Calculataor,
nanoComposix, San Diego, CA, USA). Mie theory calculates the scattering, absorption and

extinction of an isolated particle.

laser
532 nm

tweezers fiber

b
film
IR camera NA=0.79 lens shutter

Figure 3.2. Optical setup of laser irradiation system with 532 nm light source. Laser light passed
through a manual shutter and 10° ground glass diffuser to ensure a gaussian beam profile. New
beam profile was then focused to an approximate 1.2 mm focal point 10 mm away from the last
lens. Resulting thermal response from AuNP-PDMS films were captured via infrared (IR) camera.

3.2.3 Thermal Characterization.
AuUNP-PDMS films fabricated using the above method were irradiated resonantly using a 532

nm laser (MXL-FN-532, CNI, Changchun, China) at 13.5 and 25 mW, as shown in Figure 3.2.

Laser power was recorded using a power meter (PM310D, Thorlabs, Newton, NJ). Infrared images
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of the AUNP-PDMS nanocomposites were captured at 5 images per second over 6 minutes (min):
0:10 min ambient conditions, 2:50 min laser irradiation, and 3:00 min cooling using an infrared
thermal imaging camera (IC1 7320, Infrared Cameras Inc., Beaumont, TX). A laser shutter (SHO5,
Thorlabs, Newton, NJ) and shutter controller (SC10, Thorlabs, Newton, NJ) were used to open
and close laser at each time interval. Each AuUNP-PDMS film was mounted with tweezers to
position the incident laser spot at the film top center. All power incident on the samples was
contained within a laser spot with diameter of <3 mm. The thermal measurement apparatus was
isolated from ambient light and forced convection by enclosure in an opaque chamber. Two or

more replicates were measured.

3.2.4 Numerical Methods for Quantitative & Qualitative Analysis.

Thermal images captured during optothermal characterization were used to produce thermal
micrographs on a pixel by pixel basis using MATLAB R2018a (Mathworks, Natrick, MA). All
subsequent analysis and image processing was performed using MATLAB. The thermal
micrographs of immediate temperature changes were extracted from the raw thermal images and
divided into pixelated, 0.212 cm/pixel for 16 nm AuNP at 13.5 mW and 0.116 cm/pixel for 16 and
76 nm AuNP at 25 mW, temperature heat maps. Observations of heat flow from the heat spot were
shown as the change in temperature one second before (T(17)) and one second after (T(1%)) laser
shut off (i.e., AT =T(17) = T(17)).

Spatial gradient of change in temperature (S) was constructed to display rate of thermal
dissipation across the PDMS films. Gradients from the change in the temperature micrograph was

calculated by taking half of the difference from adjacent cells, while cells on the edge was solely
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the difference with the adjacent cell. Gradients were calculated in the x- (column) and y- (row)
directions for each change in temperature graph and magnitude determined using Equation (1)

shown below

. JATZ + AT?
max(,/ATZ + AT?)

1)

where ATy is the gradient in the “x” direction, ATy is the gradient in the “y” direction, and max(...)
is the maximum magnitude of the gradient in a cell across all films.

Regions of interest consisting of: 3 x 3 pixels for 13.5 mW and 9 x 9 for 25 mW, were chosen
for comparison of the thermodynamic properties across the film. Calculated thermal behavior for
each film were determined via a dimensionless temperature driving force (theta), 0 = (Tamb —
T)/(Tamb — Tmax), at every pixel, where T was the measured time-varying temperature during the
thermal trial. Values of maximum temperature (final 30 s of laser heating), Tmax, and ambient
temperature (first 5 s of trial for heating and last 5 s of trial for cooling), Tamb, were calculated at
each pixel. Plotting the natural log of the driving force vs. time for a 45 s cooling period for the
AuNP-PDMS films yielded the observed time constant for combined bulk heat transfer (thermal
conduction, convection and radiation from film surface) at each pixel of each film.

Expected temperatures were calculated from linear relation of natural log of driving force vs.
time for comparison with measured temperatures to determine effects of bulk heat transfer. Linear
regression from the equilibrium portion of the natural log of theta plots were derived for observed
theta values, and an expression of the driving force solved for the temperature (T). Predicted values

based solely on bulk heat transfer were compared with measured values at a similar time and
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percent difference taken between the two. Similar calculations were performed for each

concentration and numerous regions on each film.

3.3 Results and Discussion.

3.3.1 Presence of Amplified Thermal Dissipation.

Nonlinear amplification of thermal dissipation was qualitatively observed through the change
in temperature versus time and spatial gradient immediately after laser irradiation had ceased. The
rate of thermal dissipation in the thermal micrographs for inside the heat spot was observed to
decrease immediately after the laser was shut off, while the surrounding media showed no
observable temperature change. Observations of this phenomena are shown in Figure 3.3, through
pixel by pixel temperature differences in thermal micrographs one second before and after the laser
was shut off in (a) and through the gradient of temperature differences from (a) using Equation (1)
shown in (b). The heat spot (region of interest) was expressed in Figure 3.3 as a white square, with
AUNP concentration decreasing from A (highest) to F (lowest). Pixels selected in Figure 3.3(a) for
subsequent images and analysis were shown as black squares with purple dots for inside and
adjacent pixels selected in a controlled manner and as a white square with a black dot for adjacent
pixels selected randomly. Figure 3.3(b) shows the inside and controlled adjacent selection as white
boxes and the randomly selected adjacent pixels as red boxes. Similar thermal micrographs for 16
and 76 nm AuNP films irradiated at 25 mW laser power are shown in Figures S2 and S3,

respectively.
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Figure 3.3. Qualitative observation of amplified heat transfer, as shown through the AT one second
before and after shutoff shown in (a) and the spatial gradient of the change of temperature from
(a) shown in (b).

Amplified heat transfer was evident through the increased temperature change shown in Figure
3.3(a) and heat flow away from the heat spot in Figure 3.3(b), which was readily observed in films
A-C. The rate of temperature decrease within and adjacent to the irradiated spot once laser
irradiation had ceased was significantly larger than in non-irradiated areas of each sample. This
was attributable to thermal decay processes beyond bulk heat transfer via bulk conduction through
the PDMS film and convective and radiative heat transfer from the film surface to the surrounding
environment. The rate of temperature decrease between 16 and 76 nm AuNP films at 25 mW laser
power (Figures S2 and S3, respectively) were similarly localized within the heat spot of each
respective sample with the 76 nm AuNP films having lower heat loss than 16 nm AuNP films.

This observable heat loss shown in Figure 3.3 was attributed to the rapid heating and cooling of
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the AuNPs due to the irradiation of the AuNPs with resonant light resulting in heat dissipation
propagating through the PDMS matrix as the AuNP plasmons relax. Plasmon relaxation from the
AUNPs scatters the absorbed light from the incident wave into embedded PDMS polymer matrix,
which allows for heat diffusion to propagate at a greater rate through the material than it would
have via bulk PDMS heat transfer. Increased scattering was observed in PDMS films containing
76 nm AuNPs that yielded a lower temperature before and after the laser irradiation had ceased.
PDMS films containing 16 nm AuNPSs possess no scattering component according to Mie theory
simulations, thus heat dissipation was greatest in the laser irradiation spot compared to the
surrounding polymer matrix and resulted in a loss of heightened heat dissipation.

Figure 3.3(b) showed that as the concentration increases from films F to A, an increase in the
magnitude of change in temperature (heat flow around the heat spot) was also observed through
the broadening and increase in the number of yellow pixels in each micrograph. Substantial
temperature changes within and adjacent to the heat spot observed in Figure 3.3 infers the impact
of an internal force restricting the overall thermal dissipation of the films. Near uniform change in
the temperature (Figure 3.3(a)) and gradient (Figure 3.3(b)) magnitude for film F indicated an
insubstantial response in nanocomposite film after the laser was shut off and within the dissipation
of the thermal energy. The magnitude of the temperature and gradient increased with concentration

but were more tightly bound within the heat spot as shown in films A-D.

3.3.2 Dynamic and Equilibrium Thermal Dynamic Modes.

Amplification of the thermal dissipation was observed in initial multimodal thermal dynamic

relations for the natural log of theta vs. time that was dependent on the dynamic thermal mode of
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the AuNP-PDMS films as shown in Figure 3.4(a). The temperature driving force (theta) was
calculated at every pixel via MATLAB and evaluated inside (Figure 3.4(b)), adjacent to (Figure
3.4(c)), and far outside (Figure 3.4(d)) the heat spot for each film. Figure 3.4(b-d) plots the slope
of the dynamic thermal mode (0-3 s) and the equilibrium thermal mode (15-40 s) versus the AUNP
concentration for films containing 16 and 76 nm AuNPs irradiated at 13.5 and 25 mW laser powers
for pixels inside, adjacent to, and outside the heat spot. More obscure multimodal thermal
dynamics in 76 nm compared to 16 nm AuNP films was a result of reduced thermal effects from
insufficient plasmon resonance due to the 532 nm laser wavelength being ~40 nm blue-shifted
from the localized surface plasmon resonance (LSPR) peak for the 76 nm AuNP films (~570 nm,
corresponding spectra for 16 and 76 nm AuNP films shown in Figure S4). Optimal thermal heating
of AuNPs occurs at the LSPR wavelength with lower temperature changes observed further from
the peak wavelength as a result of lower energy absorption away from the LSPR wavelength. The
observed multimodal activity decayed as time progressed before reaching an expected linear
relation with time as the system reached the equilibrium thermal dynamic mode. The multimodal
activity also decreased as the temperature driving force was evaluated further away from the heat

spot.
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Figure 3.4. Rate of change of In(0) according to time (Aln(0)/At), with slopes taken at 0-3 S
(dynamic thermal mode) and 15-40 s (equilibrium thermal mode). (a) In(0) versus time with slopes
(black lines) plotted below quantitatively showing amplified temperature change. (b) Aln(0)/At
inside the heat spot for 0-3 and 15-40 s plotted against concentration for 16 nm AuNPs at 13.5
mW (red) and 25 mW (blue), and 76 nm AuNP for dynamic and equilibrium thermal modes. (c)
Aln(0)/At for pixels adjacent to the heat spot. (d) Aln(0)/At for pixel outside the heat spot.

Effects of Pixel Location.

Figure 3.4(a) shows the multimodal activity of the temperature driving force with 0-3 s shown
was the dynamic thermal mode, 15-40 s was the equilibrium thermal mode, and 3-15 s was the
transition period between the dynamic and equilibrium thermal modes. This transition period was
not observed to have significant insight into the thermal dynamics of the system and was not used
for analysis. The slopes (Aln(0)/At) of the dynamic and equilibrium thermal modes were
determined for inside, adjacent to, and outside of the heat spot for each of the films to determine
the impact of the pixel location, AuNP diameter and concentration, and laser power shown in
Figure 3.4(b-d). The slopes for pixels within the heat spot ranged from -0.05 to -0.17 for the

dynamic thermal modes and -0.01 to -0.05 for the equilibrium thermal modes with a clear divide
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between the dynamic and equilibrium modes observed in Figure 3.4(b) distinguished via a dashed
line at a slope of -0.05. The slopes for the dynamic thermal mode resulted in ~10-fold increase
compared to the slopes observed for the equilibrium thermal mode within the heat spot.

As the pixel selection moved from within the heat spot to adjacent to the heat spot (shown in
Figure 3.4(c)), the clear divide observed in Figure 3.4(b) became less clear with several of the
dynamic thermal mode slopes crossing the dashed line above -0.05. When a pixel well outside the
heat spot was selected (shown in Figure 3.4(d)), the slopes for the dynamic thermal mode was
observed above those of the equilibrium thermal mode. Films containing 16 nm AuNPs irradiated
at 13.5 mW laser power generally resulted in steeper dynamic thermal mode slopes within and
adjacent to the heat spot, while slopes outside the heat spot were similar to films containing 16 and
76 nm AuNPs irradiated at 25 mW. Equilibrium thermal modes within, adjacent to, and outside
the heat spot resulted in similar slopes between 0 and -0.05 no matter the pixel selection, AUNP
diameter, or AuNP concentration, while the dynamic thermal modes varied between 0.05 and -
0.17 depending on whether the pixel selected was within, adjacent to, or outside the heat spot.
Higher observable dynamic thermal mode slopes suggested additional heat dissipation beyond that

of bulk heat transfer occurred within the film.

Controlled vs. Random Adjacent Pixel Selection.

The impact of the pixels selected within and outside of the heat spot appeared to be minimal,

while the selection of the pixel adjacent to the heat spot appeared to have a significant impact on

the resulting dynamic thermal modes for each of the films. In order to show the effect of the

adjacent pixel selection more clearly, two methods for selecting the pixels were used: (1) a
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controlled process where the pixel selected was in a similar location for each film as shown in
Figure 3.5 with the black box containing the purple dot to the right of the white box and (2)
randomly selecting pixels adjacent to the heat spot where the pixel selected for each film was in a
different relative location as shown in Figure 4 with the white box containing a black dot. The
selection of these pixels for analysis resulted in significantly different results between the
controlled and random selection processes.

The method for determining the controlled pixel selection was by taking a 3 x 3 pixel array
next to the white box outlining the heat spot and selecting the center pixel in that 3 x 3 array. This
method was used for each film for the controlled pixel selection process resulting in the natural
log of theta versus time plots shown in Figure 3.5(a). The purple triangle outlined in black shows
the divergence in the data with films A, C, and D below the triangle and films B, E, and F above
the triangle. The divergence in Figure 3.5(a) appeared to begin at ~18 s and continued to diverge
at a slow rate until the 45 s cutoff was reached with the resulting slopes for the dynamic and
equilibrium thermal modes showing greater correlation between data sets. This pixel selection
process was used for all data and analysis throughout this work. Pixels chosen randomly did not
show the same strong correlation, but instead showed no definitive features or overall discernable
trends. Evidence of this was shown in the divergence and overlap of natural log of theta versus
time curves shown in Figure 3.5(b). The divergence in Figure 3.5(b) appeared to start at ~30 s and
diverged at a faster rate than the controlled selection in Figure 3.5(a). The overall shape of the
curves in Figure 3.5(a) are similar as well, while the curves in Figure 3.5(b) vary in shape. The
curves generated for the pixels chosen in a controlled manner showed a small, clear distinction

between films of varying thicknesses, while pixels chosen randomly showed a large difference and
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degree of overlap between films with varying thicknesses. These observations show the

importance of selecting pixels in similar locations for performing thermal analysis.
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Figure 3.5. In(0) graphed against time for pixels that were chosen in a controlled manner (a) against
pixels chosen randomly (b). Triangle in each figure show divergence or separation in concentration
highlighting importance of pixel selection when evaluating thermal effects in nanocomposite
samples. (a) In(0) versus time for controlled adjacent pixels and (b) In(0) versus time for randomly
selected.

Effects of Laser Power.

Increases in power led to a diminished effect observed in the dynamic thermal mode of the
AUNP-PDMS films. Analysis of the effects of power on the AUNP-PDMS composites were limited
to 16 nm AuNP films. Films containing 16 nm AuNPs were irradiated at 13.5 and 25 mW, with
the slopes plotted according to the concentration for films that were approximately 1.05 mm as
seen in Figure 3.6(a). Higher powers (25 mW) are shown as triangles, which on average showed a
less steep slope compared to films irradiated at 13.5 mW (circles) for the dynamic thermal mode.
The equilibrium thermal modes appeared to not be impacted by laser power like the dynamic
thermal mode shown in Figure 3.6(a). This trend held for most films even as pixel locations were

selected further away from the heat spot.

57



0.15 AuNP Diameter = 16 nm

— 01 thickness=1.05 mm
3 0.05
% 0 ®
< -0.05 ’ $ e
g 01 ¢
7 H
-0.15
0 ey
0.004 0.006 0.008 0.01 0.012 0.014 0.016
NP Concentration (NP/cm3)
@®1351In3s ®135Adj3s 13.50ut3s 425In3s
425Adj3s 25 Out 3s ®1351In15s 13.5 Adj 15s
(El) 13.50ut 15s 4251In15s 25 Adj 15s 25 Out 15s
0.05 AuNP conc.=0.0075%
Power=25 mW
) 0 thickness=1.40 mm
= A
€ -00s A
g A
o -0.1
oL
L=
«© -0.15
B B S ey
2 4 6 8 10 12 14 16
Time (s)
Al6nmIn3s A 16nm Adj3s 16 nm Qut 3s 4 76 nm In 3s
76 nm Adj 3s 76 nm Out3s A 16nmInl5s 416 nm Adj13s
(b) 16 nm Out 15s A76 nmIn15s A 76 nm Adj 15s 4 76 nm Out 135s

Figure 3.6. Aln(0)/At for films that have a similar thickness for different concentrations, powers,
and AuNP size. (a) Slopes given at 0-3 and 15-40 s with films that are approximately 1.05 mm.
Pixels measured away from the heat spot are lighter in color. (b) Aln(8)/At for films of similar
thickness (1.40 mm), power (25 mW), and concentration (0.0075%) according to time of 0-3 and
15-40s.

Effects of AUNP Concentration.

Concentrations with similar thickness for 16 nm AuNP films included 0.005%, 0.01%, and
0.0015%, with a thickness of around 1.05 mm as shown in Figure 3.6(a). Comparison of the
dynamic thermal mode slopes showed an increase in the steepness of the slopes within the heat

spot as the concentration increased. When transitioning from the dynamic thermal mode to the
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equilibrium thermal mode, the effect diminishes resulting in similar slope values across all

concentrations, laser powers, and pixel locations.

Effects of Film Thickness.

Evaluation of impact of thickness on the AUNP-PDMS thermal dynamics followed trends as
reported by Roper et al.?® Thicknesses for 16 nm AuNPs ranged from 0.93 to 1.45 mm, with greater
thickness resulting in a diminished heat dissipation while in the dynamic mode. Figure 3.6 shows
16 nm AuNPs in films at lower thicknesses (Figure 3.6(a)) and 16 and 76 nm AuNPs in films at
larger thicknesses (Figure 3.6(b)) for various concentrations, which shows that at larger
thicknesses the distribution of slopes between pixels was much lower (-0.1 to 0) than for films
with lower thicknesses (-0.12 to 0.12). While keeping the thickness constant and varying the
concentration in Figure 3.6(a) showed an increase in the steepness of the dynamic thermal mode
slopes, Figure 3.7 showed that as the thickness was varied the steepness of the dynamic thermal
mode slopes decreased. This trend of larger thicknesses reducing thermal dynamics matched
results reports by Roper. et al.?6 However, as pixels are observed farther away from the heat spot,
the effect disappears, with slope values approaching a more consistent value. Thermal dissipation
within the dynamic thermal mode occurs primarily within the heat spot due to direct laser
irradiation, while outside the heat spot the AuNPs are heated via scattering of the laser light from

AuNPs within the heat spot through internal reflection as reported by Dunklin et al.?’
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Figure 3.7. Aln(0)/At for 16 nm AuNP films of varying thickness and concentration. Thicknesses
range from 0.93 to 1.45 mm with concentrations varying from 0.001% to 0.015%.

3.3.3 Amplified Thermal Excitation.

Multimodal activity generated from greater change of temperature in time was shown to be
influenced by radial distance from heat spot, AUNP size and concentration, and irradiation power.
The temperature driving force was expressed through a linear relationship of conduction of the
thermal energy in the PDMS film, yet the presence of multimodal activity shows a non-linear
relation.'® Inclusion of non-linear dependence leads to miscalculations in the thermal dissipation
rates (i.e., tau values of the AUNP-PDMS films). Multimodal activity observed in the natural log
of theta vs. time graphs indicated that the AuNPs were acquiring more thermal energy than
assumed through initial equations and purely conductive means. Back calculation of the expected
temperature for pixels within the heat spot resulted in measured temperatures greater than
calculated values and was dependent on the concentration of AuNPs in the PDMS film. Percent

difference values of expected and measured temperatures were calculated as % diff =

[Test~Tmeasl , 500 where Test was the estimated, or calculated, temperature value based on the linear

Test*+Tmeas
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interpolation of natural log of theta versus time and Tmeas Was the measured temperature from
thermal excitation. Visual representation of this process and comparison was shown in Figure
3.8(a). Percent difference values of expected against measured temperatures ranged from 0.36 to
2.16%, 0.13 to 1.20%, and 0.033 to 0.40%, within, adjacent to, and outside the heat spot,
respectively, for 16 nm AuNP-PDMS films irradiated at 13.5 mW. A similar trend was observed
in the 16 nm AuNPs irradiated at 25 mW and 76 nm. Results are shown in Figure 3.8(b)-(d).

Accuracy between measured and calculated temperature values decreased as pixels were radial
observed farther away from the heat spot. Expected and measured temperature values were found
to have closer agreement as pixels were analyzed farther from the heat source. Comparison of
Figure 3.8(b)-(d) demonstrated this phenomenon as difference values were less than 0.4 % for all
AUNP concentrations irradiated at all powers. Percent difference values increased as observed
pixels approached the heat spot with maximum values ranging from nearly 1.13 to 2.16 % across
all AUNP-PDMS films. Calculated and measured temperature values were influenced by not only
AUNP concentrations but also laser power and AuNP diameter. Difference values for pixels within
the heat spot increased from 0.36 % to 2.16 % for 16 nm AuNP at 13.5 mW, 0.21 % to 1.69 % for
16 nm AuNP at 25 mW, and 0.49 % to 1.13 % for 76 nm AuNPs. The increasing trend in difference
of expected and measured values matched bulk temperatures rising with greater AuNP
concentrations, implying that bulk thermal effects of AuNPs contributed to greater inaccuracy of
the temperature values.

Saturation of AuNP from incident irradiation was shown to influence relation of agreement
between measured and expected temperature values approaching the heat spot. Results from
plasmon resonance of 16 nm AuNP at 25 mW showed a nearly linear relation with difference

values and AuNP concentrations. Temperature difference values for pixels outside the heat spot
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increased from 0.043 % to 0.37 % while pixels adjacent to the heat spot rose from 0.065 % to 0.45
% and pixels inside the heat spot ranged from 0.20 % to 1.27 %. Linear trends observed in all pixel
locations suggested that the saturation of AuNPs impacted the thermal behavior of the AuNP-
PDMS films. AuNPs irradiated with a continuous laser at 25 mW were believed to have become
saturated, or resonance of AuNP plasmon reaches a maximum amplitude, while AuNPs at 13.5
mW were unsaturated. The maximum resonance effects maximum heat generated in the AuNP
system leading to only increase in difference and temperatures at greater AUNP concentrations,

which was not observed in the 16 nm AuNP at 13.5 m\W.
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Figure 3.8. Comparison of measured against theoretically back calculated temperatures for
analyzed pixels. (a) Temperature curve against time with measured temperature (red) and
theoretical (green) with inset of In(0) graph demonstrating calculation of theoretical value. Percent
difference of theoretical and measured temperature values shown with increasing concentrations
for 16 nm AuNP films at 13.5 mW (b), 16 nm AuNP at 25 mW (c), and 76 nm AuNP at 25 mW
(d).
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3.4 Conclusions.

This work shows that the dynamic portion of the material thermal dynamics was impacted by the
film geometries, nanoparticle diameters and concentrations, laser irradiation powers, and position
within and adjacent to the laser spot. The dynamic cooling response of the films showed an
amplified thermal dissipation mechanism greater than bulk heat transfer means was present
resulting in multimodal activity observed within the natural log of the temperature driving force
versus time plots. This activity was most evident in films of lower thicknesses containing 16 nm
gold nanoparticles (AuNPs) irradiated at 13.5 mW laser power within and adjacent to the heat spot.
These multimodal cooling thermodynamics derived from the temperature driving force were a
result of additional heat dissipation from convective and radiation through the bulk nanocomposite
matrix. The multimodal activity observed in the 76 nm AuNPs were from optical scattering, while
similar behavior observed in 16 nm AuNPs were due to the enhanced dynamic thermal mode. The
response of the dynamic thermal mode was most affected by the film thickness, AuNP

concentration, and pixel location.
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ABSTRACT

The scalable and reproducible assembly of nanoparticles (NPs) into organized structures, e.g.,
ordered arrays, economically and with high fidelity remains a fundamental roadblock. Current
methods to fabricate ordered arrays of NPs like directed self-assembly have shown the highest
promise with >85% density of filled prepatterned polymer cavities containing NPs. This work
refines directed self-assembly by controlling the evaporation rate, substrate velocity (deposition
rate), and NP diameter resulting in reproducible fabrication of ordered arrays with areas >2 mm x
2 mm and ~100% density of filled cavities. Localized surface plasmon resonance (LSPR) and
surface lattice resonance (SLR) measured extinction peak locations blue shifted, and the peak
heights increased as the NP density increased for both 100 and 150 nm gold (Au) NPs. Discrete

dipole approximation (DDA), coupled dipole approximation (CDA), rapid semi-analytic CDA

68



(rsa-CDA), and Mie theory simulations closely matched extinction per nanoparticle
(extinction/NP) calculations for measured extinction spectra. An ordered array containing 150 nm
AuNPs was spectroscopically characterized, transferred to glass, spectroscopically characterized
again, and then compared to rsa-CDA estimates using both polydimethylsiloxane (PDMS) and
glass refractive indices (RI). This comparison showed peak location estimates matched within
1.7% and had comparable relative increases in peak heights. Both the measured and simulated
SLR peak height was shown to significantly increase when the array was on glass as opposed to

within PDMS.

Keywords: nanoparticle arrays, directed self-assembly, lattice resonances, plasmon resonances,

gold nanoparticles

4.1 Introduction

Gold (Au) nanoparticles (NPs) exhibit localized surface plasmon resonance (LSPR) through
conduction-electron oscillations when an external electromagnetic (EM) field is applied.*3 When
the AuNPs are ordered into a square lattice and exposed to an external EM field, the LSPRs on
each individual particle couple with light diffracted from the ordered arrangement resulting in a
surface lattice resonance (SLR), i.e. Fano resonance or coupled lattice resonance (CLR), spectral
feature corresponding to the lattice spacing.®° SLR features can be tuned by varying the lattice
spacing, NP geometry, incident EM field intensity, and the refractive index (RI).8%11-16
Simulations, such as plasmon hybridization, coupled dipole approximation (CDA), rapid semi-

analytic CDA (rsa-CDA), finite-difference time-domain (FDTD), and Fano theory, have been used
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to estimate both the LSPR and SLR peak locations, peak heights, scattering amplitudes, and
scattering cross-sections. 101719

Popular commercial microfabrication techniques, such as electron beam lithography (EBL),
nanoimprint lithography (NIL), laser ablation (LA), and focused ion beam (FIB), have been used
to produce random and ordered assemblies of AuNPs.'220-24 Recent advances in the fabrication of
ordered arrays include thermal evaporation, dip-coating self-assembly, template-assisted self-
assembly, and directed self-assembly.*1%25% |n particular, a variety of self-assembly techniques
have been developed and employed to cost-effectively fabricate arrays of AuNPs. These
techniques range from receding contact line, i.e. meniscus moving, approaches (the solution is
between a fixed glass superstrate and a fixed substrate where evaporation controls the deposition
of AuNPs) to fixed glass superstrates with moving substrates (the solution between a fixed glass
superstrate and a substrate attached to a linear translation stage where evaporation and the rate of
substrate motion controls the deposition).?63%30-32 These advances offer economically scalable
approaches to fabricate ordered arrays of AuNPs, but a reproducible approach that can produce
high density, millimeter-scale areas with single AuNP per cavity is lacking.

This work introduces a refined directed self-assembly process for fabricating ordered arrays of
AuNPs vyielding >2 mm x 2 mm areas of ~100% density of filled prepatterned
polydimethylsiloxane (PDMS) cavities containing one NP per cavity. Extinction spectra and
extinction per NP (extinction/NP) values showed blue-shifting of the LSPR and SLR peaks as the
density of AuNPs increased. Mie theory and DDA closely matched measured values for
extinction/NP for LSPR peaks of both 100 and 150 nm AuNPs. CDA and rsa-CDA resulted in
greater differences between measured extinction/NP values but closely matched the measured peak

locations for both LSPR and SLR for 150 nm AuNPs. Discrepancies between these simulated
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results for CDA and measured results were likely a function of RI because the measured values
were surrounded by air, water, Triton X-100, and PDMS while simulated values assumed only
PDMS surrounded the AuNPs. An ordered array containing 150 nm AuNPs was spectroscopically
characterized before being transferred onto a glass slide and spectroscopically characterized again.
rsa-CDA simulations were performed using PDMS and glass Rl and compared to the measured
spectra, which showed that peak locations for LSPR, quadrupole, and SLR features matched within
1.7%. Relative increases in peak heights also closely matched for rsa-CDA simulation and

measured extinction spectra.

4.2 Materials and Methods

4.2.1 Fabrication of 2-D array stamps.

Silicon (Si) master stamps lithographed with a square lattice of posts at a 600 nm pitch (150
nm post height; 195 nm post diameter) were purchased from Lightsmyth Technologies (Eugene,
OR., S2D-24B2-0808-150-P). Polydimethylsiloxane (PDMS) monomer and curing agent (Sylgard
184 silicone elastomer kit; #240 401 9862) were purchased from Dow Corning Corporation
(Midland, MI). Monomer and curing agent were mixed at a 10:1 monomer:crosslinker ratio at
3000 rpm for 6 minutes in a speed mixer purchased from FlackTek Inc. (#DAC 150SP/601 0064,
Landrum, SC). The mixture was then degassed until observable air bubbles were removed (5-25
minutes) and poured onto a pre-rinsed (acetone + water) Si stamp and cured for 15 min at 180 °C.
Cured PDMS templates with 600-nm cavity arrays were peeled away from the Si stamp. PDMS

arrayed-cavity stamp thickness averaged 300 pum.
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4.2.2 Solution Preparation.

Triton X-100 purchased from Sigma Aldrich (St. Louis, MO) was diluted to 1 weight (wt) %
in DI water and nitrogen capped (nitrogen gas was blown into the vessel for ~1 min) to remove air
bubbles. 100 and 150 nm citrate-stabilized AuNPs (Stock: 6 and 6.4 mg/mL, respectively)
purchased from Nanopartz (Loveland, CO) were diluted to 3 and 3.2 mg/mL, respectively, in 1 wt

% Triton X-100. The solution was nitrogen capped to remove air bubbles.

4.2.3 Stage Preparation.

A substrate with a cavity (see Figure 4.1) was built using glass slides (VWR, 16004-430) to
support and translocate the stamp and slow evaporative AuUNP deposition. The substrate consisted
of a 2 in x 3 in single glass slide base (Premiere, 6101) supporting four glass slide walls (VWR,
16004-430) forming a 4 mm x 20 mm cavity with a depth of ~1 mm in the center as shown in
Figure 4.1(a-d). The walls were one glass slide thick (1 mm) and were cut using a diamond knife
and then attached to the base using epoxy resin (Loctite, heavy duty). The substrate was attached
via carbon tape to a motorized syringe pump (KD Scientific, KDS-100) as shown in Figure 4.1(c).
A fixed superstrate was built by using superglue (Loctite, Super Glue Gel) to attach a 2 mm x 2
mm glass slide with a thickness of 1 mm (VWR, 16004-430) that was cut with a diamond knife to
a second 1 in x 3 in glass slide for high evaporation experiments (Figure 4.1(a)) ora2in x 3in
single glass slide for low evaporation experiments (Figure 4.1(b)). The purpose of this 2 mm x 2
mm glass slide was to facilitate contact line pinning of the NP solution on the PDMS arrayed-

cavity stamp as shown in Figure 4.1(d). The 2 mm x 2 mm glass slide on the 2 in x 3 in slide for
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low evaporation experiments was surrounded by a single layer of glass coverslips (Corning, 2845-
18, 0.12-0.16 mm thickness) that were spaced ~5 mm from each side of the 2 mm x 2 mm slide as
shown in Figure 4.1(e). The superstrate was then attached to a 3-axis positioner (Line Tools
Company, Model A-LH) so that the 2 mm x 2 mm glass slide could be lowered into the 4 mm x

20 mm cavity containing the stamp.
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Figure 4.1 Schematic of directed self-assembly stage setup used for (a) high evaporation and (b)
low evaporation experiments. (c) Shows the location on the syringe pump where the cage is
attached. (d) Shows an example of a drop of AuNPs pinned by the fixed superstrate at the
beginning of a high evaporation self-assembly experiment. (e) Shows the superstrate used for the
low evaporation self-assembly experiments.
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4.2.4 Gold Nanoparticle Deposition.

The PDMS arrayed-cavity stamp was cut in half using a razorblade so that two experiments
could be performed with each stamp. A half-stamp was placed inside the substrate cavity and a 2.5
ML drop of 1 wt.% Triton X-100 in DI water was added to the bottom center of the stamp. The
superstrate was then lowered into position so that the drop pinned to the 2 mm x 2 mm glass slide
and lowered until it spread and pinned to all four sides of the slide (as shown in Figure 4.1(a,d)).
The linear stage was then set to 8.0 um/s. A cardboard box was placed over the system to minimize
evaporation due to ambient light and convection. This process acted as a pre-coat to increase AUNP
deposition. Once the pre-coat was finished (~15 min), a 2.5 yL drop of 3 (100 nm AuNPs) or 3.2
mg/mL (150 nm AuNPs) in 1 wt.% Triton X-100 was placed in the same position and the
superstrate was lowered until the drop pinned on all four sides of the glass slide. The linear stage

was set at rates ranging from 2.1 um/s to 1.2 pm/s.

4.2.5 Optical Characterization.

Transmission spectra of each AuUNP ordered array was measured using a light microscope
(Eclipse LV100, Nikon Instruments, Melville, New York) integrated with a UV-Vis spectrometer
(Shamrock 303, Andor Technology, Belfast, UK). Extinction amplitudes for both LSPR and SLR
peaks were taken using a tangent line corresponding to each peak. The extinction was normalized
by setting the valley before the SLR peak to 0.01 A.U. for the extinction of each AuNP array.
Dark-field microscopic images were captured at 20x and 100x objectives using the same light

microscope used for the spectral characterization.
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4.2.6 Rapid Semi-Analytical Coupled Dipole Approximation (rsa-CDA) Simulations.

Rapid semi-analytical coupled dipole approximation (rsa-CDA) was performed to determine
estimated spectral peak locations for arrays of AUNPs with a diameter of 150 nm using a previously
developed method.>2¢3" Briefly, this configuration treats each AuNP as a single dipole point with
a dipole polarizability of, a. The NPs were arranged in a 2D square lattice with an array dimension
of 301 x 301 and a lattice constant, distance from the center of one NP to the adjacent NP, set at
600 nm. The simulation was performed across a wavelength range of 500-950 nm for refractive
indices (R1) of PDMS (1.42) and glass (1.52). The simulation outputs extinction efficiencies across
the spectral range. The primary observable features were the SLR peak, the LSPR peak, and the

quadrupole peak (150 nm only).

4.2.7 Discrete Dipole Approximation (DDA) and CDA Simulations.

Discrete dipole approximation (DDA) simulations were performed in a 12-core supercomputer
node with 64 GB memory for 500 to 950 nm PDMS (1.42) wavelengths and a resolution of 5 nm.
Target and parameter files for DDSCAT 7.3 were generated, using a custom-made MATLAB tool
available on nanoHUB,* for 100 and 150 nm diameter AuNPs. The generated spectra for a single
AuUNP was output into Microsoft Excel for further analysis and real and imaginary parts of the
polarizability were stored for ordered array simulations. The polarizability data was then imported
into MATLAB for CDA to generate a 301 x 301 array of AuNPs with a lattice spacing of 600 nm
in PDMS (1.42). The generated spectra for both 100 nm and 150 nm diameter AuNP arrays was

output into Microsoft Excel for further analysis.

75



4.2.8 Extinction per NP Calculations.

Estimates of extinction per NP were calculated previously using Mie solutions to Maxwell’s
equations, DDA, and CDA by Dunklin et al.? Briefly, extinction per NP for single particle Mie
theory was determined via o(log,0e)/n Where o was the Mie theory extinction cross section in
cm?, log,oe Was a conversion factor between log-bases, and n was the spectrum-averaged RI of
PDMS (1.42). DDA and CDA output extinction efficiency were converted to an extinction cross-
section before being converted to extinction per NP. The conversion from extinction efficiency to
extinction cross-section was performed by multiplying the extinction efficiency by the NP
geometric cross-section, i.e., wr?, where r was the radius of the sphere (50 or 75 nm). Extinction
per NP for the current work was determined by A/cn where A is the extinction peak height and ¢
is the density of NPs in a square lattice assuming one particle per cavity with an interparticle

spacing of 600 nm.

4.3 Results and Discussion

4.3.1 Current Self-Assembly Approaches.

Possible options to fabricate ordered arrays of AuNPs using patterned substrates include self-
assembly techniques like template-assisted self-assembly, dip-coating self-assembly, and directed
self-assembly. Template-assisted self-assembly is a process that uses a patterned substrate (e.g.,
templated PDMS, templated silicon wafer, etc.) as a template to facilitate the NPs in solution to
arrange in a regular, periodic structure either within the patterned substrate or on a separate

substrate.!® In dip-coating self-assembly, a hydrophilic or hydrophilized patterned substrate is
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dipped at controllable rates for various time intervals into a solution of NPs, where the NPs are
drawn into the patterned cavities via convective and capillary forces.®'*? In directed self-assembly,
a patterned substrate is attached to a linear translation stage and a fixed glass slide is used as a
superstrate where a droplet of NPs is sandwiched between the fixed superstrate and the patterned
substrate that moves at a controllable velocity.?%%

Table 1 shows the various characterization and modeling techniques used to describe the arrays
as well as compares four aspects of the aforementioned fabrication techniques with the method
introduced in this work: (1) structure and dimensions of the nanostructure, (2) conditions and state
for fabrication, (3) the substrate which the nanostructure is assembled, and (4) the fidelity of the
fabricated arrays. Matricardi et al. introduced a template-assisted self-assembly method to
fabricate ordered arrays of close-packed, mesoscopic clusters of AUNPs onto a hydrophilized glass
coverslip by sandwiching a drop of AuNPs between a patterned PDMS substrate and a
hydrophilized glass coverslip superstrate.’® V. Bejugam introduced an alternative template-
assisted self-assembly method that sandwiched a 1-2 pL droplet of AuNPs between a PDMS-PEO
copolymer substrate contained within a walled cage and a glass coverslip that sealed the cage and
pinned the droplet to three sides of the substrate, after which the droplet was left to evaporate for
>6 hours.* Kinnear et al. introduced a dip-coating self-assembly method using a silanized patterned
PDMS substrate and Juillerat et al. introduced a dip-coating self-assembly method using a
hydrophilic patterned PMMA substrate, in which both substrates were dipped into solutions of
NPs at various controlled rates.3'? Cerf et al. used a directed self-assembly approach with a
suspension of citrate-coated AuNPs containing 1 wt% Triton X-100 surfactant to increase the
deposition in a hydrophobic patterned PDMS substrate, while Fan et al. used a much slower

substrate velocity (0.6 pum/s), lower controlled temperature (21 °C), and a controlled contact angle
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(25 °) rather than surfactant or a hydrophilic patterned substrate to deposit silica-gold nanoshells
into ordered arrays in PDMS.?°2° Based on the approaches described above, directed self-assembly
offers the best approach to achieve high fidelity ordering of single AuNPs per cavity in a PDMS
substrate across millimeter scale areas with high reproducibility and scalability.

This work introduces a refined directed self-assembly approach that uses a modified fixed glass
superstrate and utilizes contact line pinning that conforms the droplet across a small square glass
slide for deposition to occur. In conjunction with the modified fixed glass superstrate, the substrate
was contained within a walled cage that reduced the evaporation rate of the droplet rather than
controlling the temperature. Controlling the evaporation rate with the walled cage and modified
superstrate offers a reproducible and scalable method for fabricating ordered arrays at ambient
conditions. Varying the substrate velocity (deposition rate), AUNP diameter, and the evaporation
rate resulted in densities of filled cavities between 85% and 100% with single AuNPs per cavity

in higher density arrays.
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Table 4.1 Characteristics and outcomes of current self-assembly processes compared with the self-
assembly process introduced in this work.

Structure and Dimensions

Conditions/State

Substrate

Fidelity

Characterization/ Modeling
Techniques

Template-Assisted Self-Assembly [+19]

Array dimensions: diameter:
230, 270, 330, 440, and 960 nm
spacing: 400, 500, 600, 740,
1600 nm

AuNP diameter: ~52 nm

Array dimensions: diameter:
195 and 260 nm

depth: 150 and 350 nm
spacing: 600 and 700 nm
AuNP diameter: 76 and 100 nm

AuNP dispersion between
the hydrophilized
coverslip and patterned
PDMS at room
temperature

Patterned PDMS-PEO
contained within a walled
cage and AuNP
dispersion between the
substrate in cage and
glass coverslip
superstrate

Hydrophilized
coverslip
Templated
PDMS-PEO

Large area arrays with ~17
NPs per cavity, ~100%
density of filled cavities,
inconsistent size and
number of NPs in each
cavity

Large area arrays with 1-20
NPs per cavity, 50-90%
density, inconsistent number
of NPs in each cavity, wave-
like deposition

Characterization: UV-vis,
FTIR, SEM, TEM, and
SERS

Modeling: FDTD
Characterization: UV-vis
and dark-field microscopy
Modeling: COMSOL,
Mie theory, and CDA

Dip-Coating Self-Assembly [*1:2]

Avrray dimensions: grooves: 40,
50, and 100 nm periods and 50-
100 nm depths

holes: 70, 85, 100, and 115 nm
periods and 50-100 nm depths
AuNP diameter: 15 and 50 nm
Silica NP diameter: 50 nm
Array dimensions: diameter:
160-180, 200, and 220 nm

Hydraulic actuation, anti-
vibratory system,
ultrasonic treatment,
sodium hydroxide, and
nitric acid required

Dip velocity: 0.3-10
mm/min pH: 2, 6, or 10
Polyamine-based silane,
piranha, methanol,

Si substrate
coated with a
layer of
SiO,/Cr and an
additional layer
of PMMA
Etched PMMA
ona

Grooves resulted in 30-90%
density with varying NP
type and size as well as pH
of the solution.

Holes also resulted in 30-
90% density with varying
NP type and with/without
ultrasonic treatment.

Characterization: high-
resolution SEM
(HRSEM) and photon
correlation spectrometer
(PCS)

Modeling: Linear
standard approximation
(LSA)

Characterization: Dark-

depth: 150 nm
spacing: 600 nm
NP diameter: 100 and 150 nm

superstrate, 3 L drop of
AuNPs, 1 wt% Triton X-
100 pre-coat of substrate
at 8 um/s velocity, and
1.2-2.1 um/s substrate
velocity for AUNP

deposition

depth: 50 nm mercaptoundecanoic acid, hy_droxylated 105 x 105 arrays W'th 1'§ field microscopy, SEM,
spacing: 6 um and 24 hr incubation silicon wafer NPs per cavity resulting in % of filled cavities vs
NP diameter: 10-100 nm period in NP suspension 40-100% filled cavities time, and AFM

required at room depending on spacing and

temperature time pattern remained in

solution
Directed Self-Assembly [2>%]
Array dimensions: diameter: Linear translation stage, Templated 100 pm? array with 1-5 NPs | Characterization: Dark-
200, 250, 300, and 370 nm fixed glass superstrate, 25 | PDMS per cavity resulting in ~85% | field microscopy and
depth: 120 nm L drop of AuNPS, 27 °C  |-----mmoemmmeee density of filled cavities SEM
spacing: 1500, 2000, and 3000 | set temperature, 1 pm/s Templated ity
nm substrate velocity, and 1 PDMS 1-8 NPs per cavity resulting | Characterization: SEM
NP diameter: 40, 100, and 250 Wt% Triton X-100 in ~100% density of filled and Sc_attermg spectra
nm-o ] cavities and ~30% yield of Modeling: COMSOL
""""" oot TTLT T 77T Linear translation stage, desired heptamers

Avrray dimensions: diameter: -
580 Am fl_x_ed glass superstrate,
depth: 140 nm silica-gold nanoshells, 21
spacing: 1300-2000 nm °C set temperature, and
NP diameter: ~176 nm 0.6 um/s substrate

velocity

Modified Directed Self-Assembly (this work)

Array dimensions: diameter: Linear translation stage, Templated 2 mm x 2 mm array with 1 Characterization: Dark-
195 nm modified fixed glass PDMS NP per cavity resulting in field microscopy, UV-Vis

~100% density of filled
cavities at optimal
conditions and ~85%
density at less optimal
conditions

spectroscopy, and
extinction per NP
calculations
Modeling: Mie theory,
DDA, CDA, rsa-CDA
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4.3.2 Developing Uniform, Large Area AuUNP Ordered Arrays.

The development of a scalable, economic, and reproducible approach to fabricating large area
ordered arrays with high fidelity, density, and accuracy remains important for the advancement of
electronic, sensing, and photonic devices. Directed self-assembly, in particular, offers a scalable,
economic approach for fabricating ordered arrays with high fidelity and densities ranging from 70-
85% for single particles per cavity and >85% for multiple particles per cavity.?%3%30-32 This work
refines a directed self-assembly approach yielding densities of ~100% for large area (>2 mm x 2
mm) arrays by manipulating three primary variables: (1) evaporation rate, (2) deposition rate, and
(3) NP diameter. The evaporation rate in this work was primarily due to the head-space within the
walled cage when the superstrate was in contact with the droplet of AuNPs, the separation distance
between the stamp and the superstrate, the separation distance between the cage and the
superstrate, and the overall size of the superstrate that affected the airflow potential. It was
observed that increasing the size of the superstrate resulted in a lower evaporation rate and higher
deposition. Reducing the deposition rate resulted in higher overall densities for both high and low
evaporation conditions. Increasing the AuNP diameter resulted in a more viscous solution with
relatively similar concentrations of AuNPs, which also improved the densities while reducing
evaporation potential due to the increased viscosity of the solution. The variables were used to
fabricate the six arrays shown in Figure 1.

Figure 4.2 shows the results for six arrays fabricated using two different evaporation rates (high
and low), two different AUNP diameters (100 and 150 nm), and four different deposition rates (2.1,
1.8, 1.5, and 1.2 um/s). A deposition rate of 1.2 um/s (lower evaporation rate and 150 nm AuNP

diameter held constant) was performed resulting in a >2 mm x 2 mm area of ~100% filled cavities
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with high uniformity as shown in the bottom right (red filled triangle) images in Figure 4.2. The
20x inset shows a uniform color across the entire image while the 100x image shows the high
density of filled cavities. Matricardi et al. and Zhang et al. report that the uniform color across the
entirety of the array suggests that the nanoparticles are aligned and deposited in a uniform and
reproducible manner within each cavity.'®?® The results for the bottom right image (red filled
triangle) differ from many of the reported processes in that the array appears to consist of a uniform
area of single AuNPs per cavity while reports by Cerf et al., Zhang et al., Matricardi et al., Fan et
al., and Juillerat et al. show multiple particles per cavity.*®?52°3! The AuNP diameter of 150 nm
and the combination of water and Triton X-100 within a cavity with dimensions of 150 nm x 195
nm (depth x diameter) suggests that only a single AuNP could be within the cavity. Using a slightly
faster deposition rate (1.5 um/s) resulted in slightly lower uniformity and a lower density of filled
cavities as shown in the middle right (blue filled triangle) 20x inset and 100x image, respectively.
A calculable NP density was determined by counting the number of unfilled cavities and the total
number of cavities in the 100x image, which showed that 98% of the cavities were filled.
Decreasing the AuNP diameter resulted in lower densities of filled cavities and a higher
likelihood of multiple AuNPs per cavity based on lower uniformity in color across the array. The
first array (black filled triangle) was fabricated using a high evaporation rate, a deposition rate of
2.1 um/s, and 100 nm AuNP diameter, which resulted in the 20x image (inset) with observable
non-uniform multicolored deposition and the 100x image that shows ~85% density of filled
cavities. When maintaining the high evaporation rate (smaller superstrate) and 100 nm AuNP
diameter while simultaneously decreasing the deposition rate to 1.8 and 1.5 pum/s, the uniformity
and density increase resulting in the middle left (green filled triangle) and bottom left (gray filled

triangle) images, respectively. The 20x images show the improved uniformity at the lower
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deposition rate (1.5 pum/s) and the 100x images show the improved density of filled cavities
(~90%). Decreasing the deposition rate to 1.2 um/s while leaving the AuNP diameter and
evaporation rate constant resulted in little deposition due to the droplet of AuNPs disconnecting
from the glass slide on the superstrate as a result of the high evaporation rate. Using a low
evaporation rate (larger superstrate) and maintaining the AuNP diameter (100 nm) and deposition
rate (1.5 um/s), results in the top right (orange filled triangle) images, which show a small

improvement in the uniformity (20x inset) and density (100x image).

: - R o
& i
N ( . i

Nanoparticle Diameter (nm) Deposition Rate (um/s)

e

Figure 4.2 Controlled deposition via NP diameter, deposition rate, and evaporation rate resulted in
uniform, large-area (>2 mm x 2 mm) arrays of ~100% ordering. As the evaporation and deposition
rates decreased and NP size increased, the uniformity, density, and ordering improved as shown
in 100x images (scale bar: 30 um) and 20x insets (scale bar: 1000 pm).
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4.3.3 Optical Properties of AUNP Ordered Arrays.

The optical responses of ordered arrays of AUNPs generally determine the sensing efficiencies
of ordered AuNPs, where the LSPR and SLR peak locations and peak heights account for a
majority of the tunable optical responses for sensing applications.’® Extinction spectra were
performed for the arrays shown in Figure 4.2 and normalized so that the valley just before the SLR
feature was set to 0.01 absorbance units (A.U.) and displayed in Figure 4.3. The array images from
Figure 4.3 were outlined in the corresponding line color for the extinction spectra and arranged to
the right of the plot in Figure 4.3. LSPR and SLR peak location are designated in Figure 4.3 via a
filled triangle matching the line color of the normalized extinction spectra. Extinction spectra for
150 nm AuNPs differ from extinction spectra of 100 nm AuNPs in that the 150 nm AuNPs have a
third feature called a quadrupole at ~650 nm wavelength.®® High density ordered arrays like those
shown in Figure 4.2 resulted in observable blue-shifts in measured extinction spectra and
extinction/NP calculations, which corresponds to estimates Delarnette et al. previously
reported.>*® The LSPR and SLR peak locations blue-shift as the density increases (see Figure 4.3)
for the green, gray, and orange lines. For the LSPR feature, the peak locations were ~555, 550,
and 535 nm and the locations for the SLR peaks were ~778, 773, and 765 nm for the green, gray,
and orange spectra, respectively. The spectra for the black line (LSPR = 547 nm and SLR = 756
nm) does not follow this trend, which was likely due to multiple layers of particles rather than
single layers of particles like the other three spectra. The SLR and quadrupole peaks for the 150
nm AuNP spectra also blue-shifts as the density increases, but the LSPR peak has a slight red-shift

(538 nm for blue line and 541 nm for red line).
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Matricardi et al. showed that as the lattice spacing increases the peak height decreases.'® This
work maintains a lattice spacing of 600 nm and increases the density of filled cavities for 100 nm
AUNP arrays resulting in observable increases in peak heights (estimated by subtracting a baseline
of 0.01 A.U. from the extinction at the LSPR or SLR peak). The density for the image boxed in
gray was significantly higher than the density for the image boxed in green, which resulted in a
significant increase in the SLR peak height of 0.011 A.U. (green) to 0.025 A.U. (gray). This 2.3-
fold increase in peak height did not hold for the LSPR feature which had an increase from 0.020
A.U. (green) to 0.022 A.U. (gray) or a modest 1.1-fold increase. The difference in density between
the gray and orange lines was minor but still resulted in 1.28- and 1.5-fold increases in peak height

for the SLR and LSPR features, respectively.
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Figure 4.3 Extinction spectra for the six arrays shown in Figure 1 normalizing the valley before
the SLR peak to 0.01 A.U. Colored triangles represent the peak locations for both LSPR and SLR
features in spectra.

LSPR and SLR peak locations were estimated for Mie theory, DDA, CDA, and rsa-CDA and

compared to measured peak locations in Figure 4.4. Peak locations for Mie theory and DDA
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estimates (590-595 nm) were red-shifted compared to measured values (530-565 nm) due to
differences in the RI values. Since an exact material composition surrounding the AuNPs in the
PDMS cavity was lacking, Mie theory and DDA assumed the AuNPs were surrounded by a R1 of
PDMS (1.42), while the experimental system is surrounded by an unknown composition
percentage of components of varying RI including air (1.00), Triton X-100 (1.49), water (1.33),
and PDMS (1.42). Each material impacts the overall RI and either blue-shifts (decreasing RI) or
red-shifts (increasing RI) the peak locations depending on which material surrounds the AuNPs at
a higher fraction. CDA simulations estimated the LSPR peak location (565 nm) and the SLR peak
location (642 nm) for 100 nm AuNPs where the LSPR peak showed a slight red-shift and the SLR
showed a significant blue-shift compared to measured values ranging between 530-560 nm and
755-780 nm, respectively. SLR peak location estimates were closer for 150 nm AuNPs compared
to 100 nm AuNPs, which is likely due to the 150 nm AuNP occupying a larger volume of the
cavity compared to the 100 nm AuNP. The diameter of 195 nm and a depth of 150 nm cavity
dimensions also reduces the possibility of multiple 150 nm AuNPs occupying the same cavity.
Peak locations for rsa-CDA simulations were closer to measured values than those of CDA for
150 nm AuNPs. CDA simulations assign an array size of 301 x 301 like rsa-CDA but CDA uses a
series of dipoles with a resolution of 5 nm to form each 100 and 150 nm AuNP while rsa-CDA
assigns each AuNP as a single dipole point for faster computation of the results.

Measured and estimated extinction/NP values for 150 nm AuNPs were higher than those for
100 nm AuNPs for LSPR peaks while the SLR peaks were red-shifted >50 nm for the 150 nm
AUNPs compared to 100 nm AuNPs. Extinction/NP estimates for 100 and 150 nm AuNP LSPR
peaks using single particle simulations (Mie theory and DDA) and array simulations (CDA and

rsa-CDA) were compared to measured extinction/NP values calculated from the spectral peaks in
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Figure 4.3 (filled triangles), which is shown in Figure 4.4. Mie theory and DDA simulations
estimated the extinction/NP (9-10x107!%) for the 100 nm AuNPs and were compared to measured
values ranging from 5-8x107%. The CDA simulations assigned a Rl of PDMS (1.42) surrounding
the entire AuNP, while the measured values were within 195 nm diameter PDMS cavities and

were surrounded by water (1.33), Triton X-100 (1.49), and air (1.00) at varying fractions per

cavity.
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Figure 4.4 Extinction per NP calculations for measured (filled triangles with colors corresponding

to spectra in Figure 2) and simulated (hollow symbols) data of 100 and 150 nm AuNP ordered
arrays.

4.3.4 Experimental vs. Simulated Optical Properties.
As discussed in 8Optical Properties of AUNP Ordered Arrays, the rsa-CDA simulations
resulted in estimated peak locations comparable to measured peak locations for the 150 nm AuNP

arrays and to previous estimated values reported by Delarnette et al.>'®* An ordered array
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containing 150 nm AuNPs was fabricated using the conditions shown in Figure 4.2 (red triangle,
low evaporation rate and 1.2 um/s deposition rate). Optical spectra for this array was measured
before the array was transferred to a glass slide via a process developed by Cerf et al.?® The spectral
peak locations for rsa-CDA simulations in PDMS (RI = 1.42) matched measured values for LSPR
(542 vs. 542 nm), quadrupole (640 vs. 639 nm), and SLR (868 vs. 864 nm) values within 0.46%
as shown in Figure 4.5. After performing UV-Vis spectroscopy on the array in PDMS, the array
was transferred onto a glass substrate where UV-Vis spectroscopy was again performed to
characterize the arrays on glass after the transfer. The spectral peak locations for the simulation
versus measured for LSPR (558 vs. 551 nm), quadrupole (678 vs. 667 nm), and SLR (934 vs. 926
nm) on glass (Rl = 1.52) matched within 1.7%. The ~3.7-fold increase in the percent difference
between the PDMS and glass measured versus simulation data is likely due to the decrease from
~100% density of filled cavities in PDMS to ~85% density on glass.

Not only were the peak locations comparable between experimental and simulation spectra,
but the relative increase in peak heights were comparable. The LSPR peak height appeared to
slightly increase in the experimental results for glass (~0.09 A.U.) compared to PDMS (~0.04
A.U.). This relative doubling of the measured peak heights was also observed in the simulation
results as the LSPR peak height for the simulation of the array on glass appears to be slightly above
the simulation spectra for PDMS. This was also observed for the quadrupole peak in which the
experimental and simulation results for both glass and PDMS was the same. The experimental
peak height for the array on glass (~0.1 A.U.) was nearly double the experimental peak height for
the array in PDMS (~0.05 A.U.) while the simulation peak heights were also nearly double for the

arrays on glass compared to the arrays in PDMS.
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Figure 4.5 Measured extinction and rsa-CDA simulated extinction efficiency for an ordered array

of 150 nm AuNPs in PDMS and transferred to glass.

4.4 Conclusions

In summary, directed self-assembly was used to fabricate square arrays of AUNPSs resulting in large
area arrays with observable optical enhancements as the density of filled cavities increased.
Controlling the evaporation rate, deposition rate, and AuNP size resulted in >2 mm x 2 mm arrays
with ~100% filled cavities containing one AuNP per cavity. Extinction spectra showed that as the
density of filled cavities increased both the LSPR and SLR peak locations blue shifted and the
peak heights increased. Extinction/NP calculations for measured 100 and 150 nm AuNPs in square
arrays were also blue-shifted compared to simulated values for single particles (Mie theory and
DDA) and finite arrays (CDA and rsa-CDA). The SLR peak height was shown to significantly

increase when transferred from inside PDMS cavities onto a glass substrate. The experimental
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peak locations for the arrays both in PDMS and on glass were matched within 0.5 and 1.7%,

respectively, compared to rsa-CDA simulations.
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ABSTRACT

Nanoparticle (NP) printing can fabricate sensors that conform to various surfaces to enhance and
improve sensing applications. Flexible sensors show promise for real-time monitoring and
analysis to improve plant growth and crop productivity. Sensors comprised of ordered nanoparticle
arrays that couple near- and far-field effects could enhance sensitivity, specificity, and stability
relative to other modalities. This would require economic nanoparticle ordering and high-fidelity,
biocompatible transfer of arrayed nanoparticles to leaf surfaces. Here we examine two feasible
methods to reproducibly transfer nanoparticles evaporatively self-assembled into a square lattice
with submicron pitch onto a leaf surface: (1) laser induction and (2) resinous adhesion. Laser
induction without cyanoacrylate transferred ordered particles conformal to the leaf surface across
areas up to 15 um x 15 um; using cyanoacrylate increased transferable area up to 50 pm x 50 um
but resulted in leaf degradation. Resinous adhesion transferred ordered nanoparticles onto the leaf

reproducibly and at high fidelity across areas up to 2 mm x 2 mm without visual discoloration.
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Nanoparticle transfer to leaves in each method was facilitated by biochemical functionality of

surfactants and adhesives.

Keywords: Nanoparticle ordered array, nanoparticle printing, array transfer to leaf

5.1. Introduction.

Demand for higher crop yield amidst variable and extreme weather events increases the need
to monitor plant photosynthesis, nutrient intake, resilience to stress, and response to interventions.
Non-invasive monitoring by existing sensors across micron to millimeter scales based on
transducing electric field effect, surface plasmon resonance, enzyme interaction and/or spectral
activity is constrained by intrinsic limits to sensitivity, specificity, throughput, stability,
biocompatibility, and portability of these approaches.! Two-dimensional (2D) ordered arrays of
nanoparticle (NP) could overcome these limits by interacting selective, energetic near-field
responses with high-bandwidth adaptive far-field signals to significantly enhance non-invasive
monitoring, e.g., of plants.? Coupling of plasmon-enhanced local electromagnetic (EM) field to
light diffracted from a grating formed by 2D ordered NPs yields a unique surface lattice resonance,
i.e., Fano resonance or coupled lattice resonance, beyond the localized surface plasmon resonance.
Spectral features of this resonance are tunable by varying the incident EM field, grating constant,
NP geometry, and adjacent refractive index (RI).3® Recent advances in the development of ordered
NP structures have been motivated by potential use in flexible electronics.®*® Flexible electronics
were introduced in wearable sensors for real-time health monitoring of, e.g., biometrics, muscular

stress and strain, and exposure to ultraviolet (UV) radiation.’®'?'% More recently, flexible
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electronics including arrayed nanomaterials like graphene oxide have been applied toward real-
time, in situ monitoring of nutrient uptake, utilization and efficiency of a plant or row crop.21°
Development of wearable electronics for biological, chemical, and physiological sensing has
relied on advances in printing ordered nanoparticle structures®*! and transferring such structures
to surfaces of interest. Top-down electron beam lithography (EBL), nanotribological printing
(NTP), aerodynamically focused nanoparticle (AFN) printing, and dip-pen nanolithography
(DPN) have been widely used to create high-fidelity, scalable ordered nanostructures with node
dimensions less than 20 nm. Extreme conditions required for such methods, e.g., high temperature,
high vacuum, and strong solvents, however, are incompatible for direct contact with susceptible
plant matter.2%-24 Therefore ordered structures have been fabricated and/or transferred onto human
skin and plant surfaces'?*416172530 ,sing microcontact printing, direct laser writing, tape
nanolithography, and adhesive patches or sprays. Maintaining sub-micron ordering during
fabrication and transfer, however, has proved challenging. Moreover, requirements for capital,
materials, and procedures limit economic adaptation of reported techniques for printing ordered
nanoparticles to monitor plants in plots or fields to support data-driven precision agriculture.
This work compares transfer of NPs evaporatively self-assembled into ordered cavities of a
polydimethylsiloxane (PDMS) stamp onto the waxy abaxial (lower) surface of a leaf via two
methods, laser induction and resinous adhesion. Laser induction of ordered NP transfer employed
continuous low power (50 mW) irradiation with or without cyanoacrylate to reposition AuNPs
onto the non-stem-facing surface of an Apocynum cannabinum leaf. The resinous adhesion method
stamped a thin film of shellac onto the NP-bearing PDMS surface by which ordered NP were then
contact-printed onto the abaxial Apocynum cannabinum leaf surface. Resulting degree of

preserved order, area of high-fidelity transfer, and effect on leaf viability were analyzed visually
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and microscopically. Chemical and biochemical functionality of surfactant and adhesive polymers
used to facilitate transfer were evaluated. Both laser and resinous methods could cost-effectively
transfer ordered arrays onto a leaf surface across > 100 pm? areas at sub-micron fidelity. Compared
to laser induction, resinous adhesion offers reproducible transfer to a leaf in a field setting without

using optoelectronic instruments.

5.2. Materials and Methods.

5.2.1 Fabrication of AUNP Array

A previously reported process for evaporative self-assembly of AuNP in cylindrical cavities
was modified in order to increase AuNP ordering and nodal density to >95% in lattice arrays
spanning areas >100 um?.28 Briefly, a silicon master with an area of 8 x 8.3 mm? fabricated with
150 nm x 195 nm (height x diameter) cylindrical pillars in a square lattice at a pitch of 600 nm was
purchased from Lightsmyth Technologies (Eugene, OR., S2D-24B2-0808-150-P). PDMS was
cured onto the silicon master stamp yielding an 8 mm x 8.3 mm PDMS stamp with a square array
of cavities corresponding to the pillar array dimensions. Spherical AuNPs of 100 nm diameter
purchased from Nanopartz (Loveland, CO., AC11-100-CIT-DIH-100-1) were diluted to 3 mg/mL
in aqueous 1% Triton X-100 (Sigma Aldrich, St. Louis, MO., X100-5ML). The 8 mm x 8.3 mm
stamp was cut in half and one half was placed on the linear stage. A 2.5 uL drop of 1% Triton X-
100 was added to the edge of the stamp. A superstrate was lowered onto the drop to spread it across
the bottom third of the stamp. The stage was then moved horizontal to the stamp surface at a linear
velocity of 8 um/s to deposit surfactant on the stamp surface and in cavities as liquid from the drop

evaporated. After this 1% Triton X-100 stamp pre-coat, a 2.5 pL drop of the AuNPs was added
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and spread by lowering the superstrate then evaporated by moving the linear stage at 1.2 um/s.
This deposited a single AuNP into each cavity arrayed on the stamp surface, resulting in ordered
AUNP lattices across areas up to ~ 2 mm x 2 mm. More than 95% of the cavities in the area
contained a single AuNP (i.e., >95% nodal density or >95% transfer). The number of AuNP
ordered in a cavity rather than deposited randomly on the stamp surface was >95% (i.e., >95%
ordering). These AuNPs arrayed into PDMS cavity lattices were subsequently transferred using

the laser induction and resinous adhesion methods.
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Figure 5.1 Two processes to transfer arrayed nanoparticles onto a leaf surface: (i) laser induction
and (ii) resinous adhesion. Laser induction was conducted with and without cyanoacrylate.

w
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5.2.2 Nanoparticle Printing via Laser Induction with and without Cyanoacrylate

A PDMS stamp containing ordered AuNPs was coated with 20% Triton X-100 using a
motorized linear stage at 8 um/s. After 20% Triton X-100 post-coat, a 3 pL drop of ethanol (95%,
V1101, Decon Labs, Inc., King of Prussia, PA) was placed on the Apocynum cannabinum leaf
surface. The stamp was inverted onto the ethanol and the system was irradiated continuously with
a 532 nm laser at 50 mW for 10 minutes (min). The stamp was then carefully removed from the
leaf leaving the AuNPs ordered on its surface. In the absence of the 20% Triton X-100 post-coat,

transfer of AUNPs was reduced to <10%. Use of other solvents, i.e., deionized distilled (DI) water,
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50:50 DI water:ethanol, 80:20 DI water:ethanol, and 90:10 DI water:ethanol, resulted in no visible
transfer of AuNPs from cavities onto the leaf surface.

Variations to this transfer method were tested and adopted to increase its fidelity. Minimal
contact between the stamp and the leaf surface was observed initially, resulting in lower transfer
fidelity and small areas of ordering as shown in Figure 5.3(a-b). In order to promote improved
contact between the leaf and the stamp for all subsequent laser induction transfers with and without
cyanoacrylate, light weights (<10 grams) were added on top of the inverted stamp before the laser
irradiation began which increased the area and fidelity of ordered transfer as shown in Figure 5.3(c-
e). Besides continuous irradiation for 10 min, laser irradiation for 10 s alternated with a 3 s break
over 10 min and continuous irradiation through an optical chopper purchased from Thorlabs
(Newton, NJ, MC2000B) operating at 6000 Hz were tested. The latter visibly improved the area
and fidelity of ordered transfer. The chopper was used in all subsequent laser induction transfer.

Cyanoacrylate deposited on one AuNP array fabricated via directed self-assembly was
observed to improve subsequent AuNP transfer to >95%. Consequently, to a PDMS stamp
containing AuNPs arrayed in cavities, a post-coat of 20% Triton X-100 containing a drop (~5 mg)
of cyanoacrylate was applied to the stamp surface using the motorized linear stage at 8 um/s. A
larger mass of cyanoacrylate resulted in a thick layer of glue across the surface of the stamp,
preventing effective transfer of AUNPs. After the Triton/cyanoacrylate post-coat, a 2.5 uL drop of
ethanol was placed on the Apocynum cannabinum leaf surface, the stamp was inverted onto the
ethanol, and light weights (<10 grams) were added on top of the inverted stamp. The system was
irradiated with a 532 nm laser at 50 mW for 10 min through the chopper at 6000 Hz. Figure 5.1
shows a schematic of the process used for the laser induction transfer method with and without the

cyanoacrylate. Corresponding results are shown in Figure 5.3(a-e).
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5.2.3 Nanoparticle Printing via Resinous Adhesion

Shellac is a resin secreted by a female lac bug on trees in the forests of India and Thailand. It
consists of various biochemical components with polar and non-polar character.®! The resinous
structure of shellac is due to the association of these components through van der Waals and
hydrogen bonding interactions. Secreted resin exhibits a variety of colors but is bleached multiple
times in order to render it transparent before it is dissolved in alcohol to liquefy and aerosolize it.3
Shellac, CsoHs0011, (Zinsser Bulls Eye Shellac Traditional Finish and Sealer aerosol spray) was
applied to a clean glass microscope slide by spraying two 1 s passes across the slide at a distance
of 250 mm. A 4 mm x 8.3 mm PDMS stamp containing a square array of 100 nm AuNPs deposited
600 nm apart in cavities was immediately inverted onto the shellac-coated glass slide and cured
for 1.5 min at ambient conditions. Cure times great than 1.5 min yielded NPs remaining on the
glass slide. After the 1.5 min cure, the stamp was removed from the shellac-coated glass slide,
placed face-up on a second glass slide, and cured for an additional 1.5 min at ambient conditions.
Then the stamp was then inverted on the adaxial (upper or stem-facing) or abaxial (lower) side of
an Apocynum cannabinum leaf and gently pressed with a finger for 1 min. After the 1 min period,
the stamp was slowly peeled from the surface of the leaf, starting at one corner of the stamp,
leaving behind a thin layer of shellac to which the ordered array of AuNPs adhered. Figure 5.1
shows a schematic of the process used for this transfer method and the results are shown in Figure

5.3(f).
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5.3. Results and Discussion

5.3.1 Comparison of Nanoparticle Printing with Arrayed NP Transfer

Possible options to transfer nanomaterials to biological surfaces include printing techniques
like tape nanolithography, direct laser writing, microcontact printing, and stamp-assisted printing.
Tape nanolithography is a process that utilizes soft lithography to develop a nanopatterned donor
substrate that is deposited with a desired nanomaterial before direct taping and peeling of the
nanomaterial is performed.!” In direct laser writing, a focused femtosecond laser causes localized
polymerization of the target polymer allowing three-dimensional (3-D) structures to be directly
written on the polymer substrate.?632-34 In microcontact printing, a solvent (i.e. water, ethanol,
etc.) and high temperature (>100 °C) facilitates the transfer of ordered NPs contained within a pre-
patterned PDMS substrate onto the surface of a second substrate (i.e., 3-
Aminopropyl)triethoxysilane- (APTES)-coated glass slide, borosilicate glass slide, etc.).® Stamp-
assisted printing is a process where insulating ink is imprinted onto a conductive glass slide using
a patterned stamp, electroplated with a metal before the ink is removed, and transferred onto an
adhesive Kapton film.?°

Table 5.1 compares four aspects of these printing techniques with the arrayed transfer methods
introduced in this work: (1) structure and dimensions of the nanostructure, (2) conditions and state
of the transfer, (3) the substrate to which the nanostructure is transferred, and (4) the fidelity of the
transfer process for each of the printing techniques. Oren et al., Shi et al., Wang, L. et al., and
Wang, Q. et al. each presented a different approach to tape nanolithography with varying degrees
of success and potential applications.'?'3161" Bagheri et al. introduced a method using direct laser

writing to print various sizes of nanoantenna onto a substrate requiring low laser power and
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operation at room temperature; its requirement for vacuum operation, however, constrains
application to live plants.?® Cerf et al. used microcontact printing to transfer ordered AuNPs onto
APTES-coated glass using solvent (water or ethanol) as a facilitating media for the transfer; its
high heat requirement (100 °C) precludes this process from use on live plants.?® Chen et al.
introduced a stamp-assisted printing technique for the fabrication of flexible micro-supercapacitors
(MSCs) onto an adhesive Kapton film that can be readily transferred to a multitude of surfaces.?®
Such an adhesive approach could in principle, but has not been shown to, support biocompatible
transfer of ordered structures onto a leaf surface.

This work introduces two new potentially biocompatible approaches for conformal, high-
fidelity transfer of ordered arrays onto sensitive biological surfaces (i.e., leaf, mammalian skin,
etc.): (1) low-power laser induction and (2) resinous adhesion. The first approach, laser induction
transfer, was developed with and without cyanoacrylate. Including cyanoacrylate ‘glued’ the
ordered structure in place and maintained NP order on the leaf across areas up to 50 pm x 50 pum.
But the leaf turned brown where it contacted the cyanoacrylate within 20 min of the transfer. Laser
induction without cyanoacrylate resulted in areas of ordered transfer up to about 15 pm x 15 um;
NPs outside these areas transferred conformally with varying degrees of disorder. This appeared
due to varying topography of the leaf surface, which resulted in a range in degree and area of
contact between the stamp containing the ordered array and the leaf surface.

By comparison, the second approach, resinous adhesion, preserved the NP ordering across
areas up to 2 mm x 2 mm and did not observably alter the appearance of the leaf surface as with
cyanoacrylate. Resinous adhesion was performed using shellac aerosol spray that preserved the
AUNP ordering and adhered the arrayed AuNP to the leaf surface. Contacting the stamp containing

ordered AuNPs to the shellac-coated glass slide for more than 1.5 min resulted in partial cure of
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the shellac film which transferred AuNPs to the shellac-coated glass surface. Using more than two
1-s passes of Shellac spray gave a thicker shellac film on the PDMS stamp and reduced the success
of the transfer of the arrayed AuNPs onto the leaf surface. Optimal resinous adhesion used two 1-
s passes and a 1.5-min cure between the NP-containing PDMS film and the shellac-coated glass
slide to reproducibly transfer arrayed NP to the leaf surface. Resinous adhesion was performed at
room temperature without auxiliary instruments. It resulted in nearly complete transfer of the
AuUNPs ordered into PDMS cavity arrays onto the leaf surface as well as preservation of the 2D

lattice pitch.
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Table 5.1 Characteristics and outcomes of nanoparticle printing compared with the nanoparticle
array transfer methods introduced in this work.

Structure and Dimensions

Conditions/State

Transfer Substrate

Fidelity

Tape Nanolithography?!213.16.17

*6 mm x 800 um x 0.3 um graphene
patterns on tape roll

*600 um thick patch with 25 um
thick skin adhesive

+200 nm holes with Ag/AuNW on
20 pm thick adhesive

*40 nm thick Au layer on 340 nm
deep nanohole arrays

* Adhesive required
* VVacuum filtration
* UV/O, exposure

« Ethanol solvent
*70 °C transfer

* Human skin
*Glove

e Leaf

*TiO,/ SiO, glass

+90-100 % overall pattern
transfer

* Minor defects in ordered
structure after transfer

» Adhesive remains on substrate

Direct Laser Writing?®

*Width: 105-335 nm
*Length: 1.7-2.8 um
*Height: 75 or 105 nm
*7.6 mm x 7.6 mm array

*Vacuum
*Room Temperature
*51t0 9 mW laser power

. CaF2

* Minor variations in antenna
sizes

Microcontact Printing?®

«40, 100, and 250 nm AuNPs

« Ethanol or water solvent

* APTES-coated

* 85-95 % transfer

electroplated Ni

<100 um2 array + 100 °C evaporation in glass
oven
Stamp-assisted Printing?®
*Width: 1.4 mm * Adhesive required » Kapton * Minor defects upon transfer
+300 pum gap between strips of polyimide film from FTO glass onto Kapton

Laser Induction with and without C

yanoacrylate (this work)

*2 mm X 2 mm square arrays of
cavities in PDMS. Cavities spaced
at a pitch of 600 nm

* PDMS cavity dimensions: depth of
150 nm, diameter of 195 nm

+100 nm AuNPs

« Ethanol solvent

*50 mW laser power

= with and without
cyanoacrylate

* Apocynum
cannabinum leaf

* with cyanoacrylate: ~100%
transfer and ~100% ordering
across moderate areas but
discolored leaf

* without cyanoacrylate: >85%
conformal transfer with 10-
15% ordering across small
areas

Resinous Adhesion (this work)

*2 mm X 2 mm square arrays of
cavities in PDMS. Cavities spaced
at a pitch of 600 nm

*PDMS cavity dimensions: depth of
150 nm, diameter of 195 nm

*100 nm AuNPs

* Room temperature
« Shellac aerosol spray

* Apocynum
cannabinum leaf

»~100% transfer and ~100%
ordering across large areas
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5.3.2 Apocynum cannabinum Leaf Properties

Apocynum cannabinum leaves are simple, undivided leaves that are not separated into leaflets
and are positioned opposite from each other having two leaves per node (point of attachment on
branch).® The leaves are toothless and lobeless, oval in shape with a slightly pointed tip, and are
generally 2 to 5 inches in length and % to 1% inches wide. They have smooth surfaces with a
prominent network of white veins. The thickness of the cuticle (outermost protective layer of leaf
surface) on the adaxial (facing toward the stem or upper) and abaxial (facing away from the stem
or lower) leaf surface were previously reported as 305 and 458 pg/cm?. The average thickness of
the epicuticular wax (wax found within matrix that imparts most of physicochemical
characteristics of cuticle) layer was reported as 85 and 56 pg/cm? for the adaxial and abaxial
surfaces, respectively. Stomata appeared only on the abaxial surface. There were about 320
stomata/mm?.%

The mass of wax per leaf surface area (commonly shown as pg/cm?) has been widely
characterized to relate it to herbicide absorption. The average thickness of the epicuticular wax
layer was previously determined by washing the Apocynum cannabinum leaves with chloroform
with the wash being filtered through filter paper, dried, and weighed. The upper and lower cuticles
were separated via 48 hr immersion in 1g ZnCl»/1.7 mL concentrated HCI, water immersion in a
desiccator, and application of a vacuum. The formation of bubbles between the two cuticles
promoted the separation of the cuticles without damage. The mesophyll was removed through

water washing before the cuticles were dried and weighed.36’
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5.3.3 Chemical and Biochemical Contributors to NP Transfer
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Figure 5.2 Citrate-coated AuNPs dispersed in Triton X-100 exﬁibited FTIR spectra indicating the
hydrophobic alkyl arm of the Triton X-100 approaches the Au surface while the hydrophilic
poly(ethylene) glycol arm interspersed in the citrate coat.

Dispersing citrate-coated AuNPs into a mixture of Triton X-100 and DI water resulted in
further stabilization and capping of the AuNPs in solution. Gao et al. performed FTIR
spectroscopy on citrate-coated AuNPs before and after the addition of Triton X-100.%® One noted
difference was that the FTIR response for the alkyl chain in Triton X-100 disappeared when in
solution with AuNPs. Another difference was a shift in the bending corresponding to the —CH of
Triton X-100 when added to the AuNP solution. These differences were attributed to the packaging
of the alkyl chain by the citrates wherein the hydrophilic polyethylene oxide chain interspersed in
the citrates and the hydrophobic alkyl chain approached the AuNP surface.®® Figure 5.2 shows a
representative schematic of the capping of citrate-coated AuNPs with Triton X-100 based on these

findings.
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Table 5.2 Primary constituents of cutin and epicuticular wax on a leaf surface, superglue, citrate
capping agent, surfactant, and shellac that facilitate adhesion of AuUNPs to a leaf surface.

Constituent Type | Constituent Formula/Structure

Cutin and Epicuticular Wax Constituents of Leaf Surface
Hydroxy fatty acid HOCH3(CH2)14COOH
Hydroxy fatty acid CH3(CH2)sHOCH(CH_)sCOOH
Straight-chain alkane | CH3(CHy)27CHs
Straight-chain alkane | CH3(CH2)29CHs
Fatty acid ester CH3(CH2)22COO(CH,)25CH3
Long-chain fatty acid | CH3(CH,)2,COOH
Long-chain alcohol CH3(CH2)2.CH,0OH

Superglue Ingredients

Cyanoacrylate CH,C(CN)COOCH3;
Hydroguinone HOC¢H,OH

AuUNP Capping/Stabilizing Agent
| OOCCH,C(OH)(CH,CO0)CO03
Surfactant
| CH3C(CH3)(CH3)CH,C(CH3)(CHs3)CsHa(OCH,CH,),OH
Shellac Constituents

Citrate

Triton X-100*

9 OH
Aleuritic acid HOJWA/YWOH
Jalaric acid-A
* n=9-10

Table 5.2 shows a list of primary constituents of cutin and epicuticular wax on the surface of
a leaf, the ingredients of superglue used (cyanoacrylate and hydroquinone), the citrate capping
agent, and the Triton X-100 surfactant. Sharma et al. reported that shellac contains aleuritic acid
(C16H3205) and jalaric acid-A (C15H200s) as its primary building blocks. These are connected by
lactide and ester linkages.®! Esterification between the alcohol of citrate and the carboxylic acid
group in the fatty acids could bind the AuNPs to the leaf surface. Shellac has an alcohol group
capable of reacting with the fatty acids as well as carboxylic acid group that could react with the
alcohols. Esterification between carboxylic acid and an alcohol functional group within the shellac

or citrate to yield a covalent bond is unlikely to occur, however, in the absence of an acid catalyst.
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Networks of hydrogen and van der Waals bonding are likely to facilitate adherence of AUNPs
to the surface of the leaf mediated by citrate, Triton X-100, and Shellac. Fatty acids of leaf surfaces
consist of long straight-chain, hydrophobic carbons terminated by a weak acid carboxylic group.
Triton X-100 has hydrophobic and poly(ethylene glycol) arms; the latter has a weak base character.
Citrate has one weak hydroxyl base and three weak carboxyl acids. Basic hydroxyl groups on
Triton X-100 or citrate could accept acidic hydrogens donated by carboxylic (-COOH) fatty acid
group due to their relative electro-positivity and -negativity, respectively. Acidic carboxyl citrate
groups could interact with the basic Triton poly(ethylene glycol) arm. Shellac has eight hydrogen-
donating —~COOH groups and eleven hydrogen accepting —OH groups that could facilitate
hydrogen bonding to leaf-surface fatty acids and alcohols as well as citrate. Furthermore, van der

Waals interactions are possible between the hydrophobic Triton X-100 arm and fatty acid chains.
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5.3.4 AuNPs Transfer to Apocynum cannabinum Leaf Surface

) ) b et
Figure 5.3 AuNPs transferred onto the surfaces of an Apocynum cannabinum leaf via (1) laser
induction without cyanoacrylate (a-c, scale bars: 3, 3, and 100 pm, respectively) and with
cyanoacrylate (d-e, scale bars: 3 um and 2.5 mm, respectively); and (2) resinous adhesion (f, scale
bar: 3 um). Panel (b) shows sparsely ordered AuNPs on and within the stomata; (d) shows a small

area of ordered AuNPs next to a cyanoacrylate cluster; and (e) shows the discoloration of the leaf
after the cyanoacrylate-assisted laser induction transfer.

As shown in Figure 5.1, a 50 mW laser irradiated a PDMS film containing AuNPs arrayed in
cavities that had been inverted onto an ethanol droplet on a silica-lime microscope slide for 10
min. In comparison with Bagheri et al. who used a femtosecond pulsed laser to selectively etch
Au coat from a calcium difluoride CaF2 substrate at high vacuum,? the present method used a
continuous low-power laser at ambient conditions to displace AuNP from one surface to another.
Our method transferred approximately 90% of the ordered AuNPs from PDMS cavities to the
silica-lime microscope slide without a 20% Triton X-100 post-coat on the PDMS. The resulting
extinction spectra and dark-field microscopic images for a PDMS stamp containing 100 nm AuNPs

and for the AuNPs transferred onto the microscope slide using laser induction are shown in Figure
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5.4. Cerf et al. had used ethanol or water to transfer AUNPs from a patterned PDMS stamp to a
glass substrate, but in an oven at 100 °C, rather than with a laser,?® which was not feasible to use
with plants. We subsequently applied laser induction to transfer AuNP onto both adaxial and
abaxial surfaces of a leaf. Initially no transfer occurred from the stamp to the leaf surface (in the
absence of a Triton X-100 post-coat, addition of ethanol, or irradiation of the stamp with a laser).
So a 20% Triton X-100 post-coat was applied to the stamp before transfer. This resulted in small
areas of ordered transfer as shown in Figure 5.3(a-b).

Figure 5.3(b) shows a small area of semi-ordered AuNPs in and around stomata of an
Apocynum cannabinum leaf. The areas, like those in Figure 5.3(a), varied in size but were no larger
than 15 x 15 um?. This appeared due to the uneven topography of the leaf surface which resulted
in variable contact between the surface of the leaf and the surface of the PDMS stamp.
Consequently, small weights (< 10 g) were added to the top of the PDMS stamp to improve contact
with the leaf. This minor modification yielded significant observable transfer of AuNPs conformal
to the leaf surface. The configuration of transferred particles, however, appeared disordered.
Fidelity of transferring ordered AuNP was low. Successive experiments gave results like that in
Figure 5.1(c), with >85% transfer of AuNPs from the PDMS stamps to the leaf in conformal but
unordered fashion across most of the leaf surface in contact with the PDMS.

Cyanoacrylate was observed to improve the transfer of AuUNPs from the PDMS stamp to glass
slides in terms of percentage of AuUNP transferred and the degree of ordering retained upon transfer.
Cyanoacrylate was therefore added to the PDMS stamp surface during the 20% Triton X-100 post-
coat. The stamp was then transferred to a leaf using the laser induction transfer method.
Transferred AuNP were characterized immediately afterward using an optical microscope (Nikon

Instruments, Eclipse LV100 D-U). See Figure 5.3(d). In comparison with Chen et al. who ink-
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patterned fluorine-doped tin oxide (FTO) coated glass, electroplated nickel onto the FTO, then
lifted off the structured nickel microsupercapacitors with an adhesive Kapton polyimide film,? the
present work transferred nano- rather than micro-scale structures without using electricity, a
chemical bath, or leaving a residual polymer backing.

During microscopic characterization, the area containing the ordered transferred AuNPs began
to discolor and stomata on the abaxial leaf surface were observed to close rapidly. After removing
the leaf from under the microscope objective, it was visually apparent that the area where the
cyanoacrylate had been in contact with the leaf was discolored (see Figure 5.3(e)). While the
ordering was maintained as desired, the leaf discoloration indicated an undesirable stress response
of the leaf. The dark brown area shown in Figure 5.3(e) shows the area of the leaf that discolored
following contact with the cyanoacrylate (bluish white spot in Figure 5.3(d)).

After observing that laser induction with cyanoacrylate yielded high-fidelity transfer but
deleteriously affected the leaf, a similar approach was sought to maintain high-fidelity AuNP
ordering while preserving leaf viability. The ability of cyanoacrylate to maintain fidelity of the
array during transfer suggested use of another optically transparent but biocompatible adhesive.
Shellac was selected based on experience preserving leaves with a thin Shellac coat. Its
biochemistry suggested it would not adhere to the PDMS. A thin coat of Shellac on a blank PDMS
stamp with an ordered cavity array successfully transferred the square cavity pattern to a silica-
lime glass coverslip. A thin coat of Shellac on a stamp containing AuNPs ordered in cavities
successfully transferred them to a glass coverslip. The extinction spectra and dark-field
microscopic images for both the pure ordered Shellac on the glass coverslip and the glass coverslip
containing ordered AuNPs transferred via resinous adhesion are shown in Figure 5.4. Use of

resinous adhesion process was then adapted to transfer AUNPs ordered in cavities of PDMS to the
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abaxial surface of an Apocynum cannabinum leaf. The result is in Figure 5.3(f). AUNP ordering
was preserved across areas up to 2 mm x 2 mm at high fidelity and no discoloration of the leaf
surface was observed.

Previous adhesive approaches to transfer ordered nanostructures to a biologic surface left a
residual polymer backing for adhesive at the nanostructure-surface interface. Lee et al. used
solvent-free aerodynamic focusing and NP excitation to pattern barium titanate (BaTiO3) and
silver (Ag) NP on flexible substrates via cyclic excitation and purging for use in sensing and
microelectronics.?® Ketelsen et al. transferred cross-linked gold (Au) nanoparticles (NP) (4 and 7
nm diameter) films onto PDMS sheets equipped with electrodes that were taped on skin above the
radial artery to record diagnostic pulse waves with the resultant strain gauge.’® Wang et al.
fabricated rapid-response, flexible photodetectors with an ultrashort decay time by depositing
cadmium sulfide (CdS) nanowires on poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) conductive polymer layer with an adhesive backing.'® Effects of residual polymer
backing on the function of adjacent cells and the capital demands of such methods limits their use
to monitor activity at plant surfaces, e.g., photosynthesis, in greenhouses or plots.

AUNPs are resistive to chemical oxidation resulting in improved biocompatibility and when
irradiated with resonant light, AUNPs absorb and scatter light centered at the resonant frequency
of the incident light, which is known as LSPR.3%4% This LSPR can be tuned by varying the diameter
of the AuNP or the shape, e.g. nanorods instead of nanospheres. When these nanorods or
nanospheres are arranged into an ordered structure, the incident light is scattered to adjacent
particles in the lattice, producing a second optical feature known as SLR (also called coupled lattice
resonance or Fano resonance).>** This SLR feature can be tuned by varying the spacing between

adjacent AuNPs, AuNP diameter, number of AuNPs per lattice point, and by the R1 of the substrate
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material.***® Figure 5.4 shows a small sample of the range of tunability of these nanoparticle arrays
with respect to the R1 for the various transfer processes discussed in this work. Utilization of AUNP
arrays as sensors offers readily tunable opportunities compared to other nanostructure sensors that
have fixed designs and functions as well as offer a range of tunable options depending on the
resonant light wavelength, optical response of chemical desired to be detected, and a highly
sensitive detection potential based on the spacing between AuNPs. Photosynthetic properties of
the plants can be determined by measuring the rate of opening and closing of the stomata, which
can be measured in real-time with an AuNP array through observing the spectral response of an
AUNP array placed on the stomata of the plant. The spacing between AuNPs will increase or
decrease when the stomata opens or closes, which will change the spectral response of the SLR
feature. Matricardi et al. showed that as the spacing between clusters of AuNPs increased from

400 to 1600 nm, the SLR feature red shifted into the infrared (IR) region of the spectrum.*
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Figure 5.4 Spectral characterization of ordered arrays in PDMS (blue line), transferred on glass
with laser (green line), transferred on glass with Shellac (orange line), and ordered Shellac
transferred on glass (gray line). 100x dark-field microscope images corresponding to the spectra
are shown to the right of the plot (scale bar: 3 um).
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The present work showed conditions under which laser induction and resinous adhesion would
transfer AUNPs from a PDMS film onto an adjacent leaf and allow removal of the PDMS substrate
onto which the AuNPs had been initially ordered by evaporative self-assembly. Transfer was
facilitated hydrogen bonding and van der Waals interactions between Triton X-100 and shellac
ingredients and the leaf surface. Triton X-100 and shellac have been used extensively in biological
applications with minimal reported consequences. Effects of these components on the functionality
of adjacent live plant tissue is under evaluation. Reproducible, field-feasible laser induction and
resinous adhesion to transfer self-assembled ordered NPs to the surface of a leaf offer potential for
biocompatible, non-invasive, real-time monitoring via the surface lattice resonance feature of plant
photosynthesis, nutrient intake, resilience to stress, and response to interventions across micron to

millimeter scales.

5.4. Conclusions

Two novel NP printing methods have been examined to for biocompatible transfer of self-
assembled, ordered arrays of AuNPs onto the surface of an Apocynum cannabinum leaf: (1) laser
induction and (2) resinous adhesion. Laser induction without cyanoacrylate transferred NPs to the
leaf surface in a largely conformal fashion, yielding up to 15 um x 15 um areas of ordered AuNPs.
Laser induction with cyanoacrylate transferred ordered NP across areas up to 50 pm x 50 um. Leaf
surface contacted by cyanoacrylate, however, discolored within 20 min post-transfer. Resinous
adhesion reproducibly transferred ordered AuNPs across areas up to 2 mm x 2 mm without
observable discoloration. Each method offers a tape-free, feasible, way to transfer ordered AuNPs

from a substrate onto the surface of a leaf. Resinous adhesion additionally provides capital-free,
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straightforward transfer of ordered AuNPs onto biological surfaces in a greenhouse or field

environment.
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6. CONCLUSIONS

6.1 Summary

This work advanced several key areas of fabrication, characterization, and analytical modeling
of self-assembled nanoantenna in polymer thin films. The analytical approach to estimating the
thermal dynamics of AuNPs assembled in random arrangements in colloidal suspensions,
deposited on glass, and embedded in polymer thin films outlined in Chapter 2 estimated the thermal
dynamics within 30% across a range of geometric parameters, nanoantenna-containing media, and
thermal parameters. The thermal dynamics of random dispersions of AUNPs embedded in polymer
thin films showed multimodal behavior which was further characterized across a range of variables
including film thickness, laser power, NP diameter, respective pixel location, and laser spot size
was outlined in Chapter 3. These thermal dynamics showed that the multimodal behavior was
dependent primarily on film thickness, pixel location, and laser power. Development of a scalable
and reproducible method for fabricating 2D ordered arrays of AuNPs was outlined in Chapter 4
and showed that when the evaporation rate is low, deposition rate is 1.2 um/s, and the AuNP
diameter is 150 nm, the array has ~100% density of filled cavities across a >2 mm x 2 mm area
and shows distinguishable LSPR and SLR features in the UV-Vis spectra. These arrays were also
compared to rsa-CDA simulations and matched within 2% in PDMS (Rl = 1.42) and when
transferred onto glass (Rl = 1.52). The fabrication method developed in Chapter 4 was used to
fabricate arrays for transfer onto the surface of a leaf using two different developed transfer
techniques (laser induction and resinous adhesion), which are discussed in Chapter 5 showing that
the laser induction transfer resulted in 15 pm x 15 pum (without cyanoacrylate) to 50 pm x 50 pum

(with cyanoacrylate) areas of ordered transfer and the resinous adhesion transfer resulted in >2
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mm X 2 mm area of ordered transfer. Ordered arrays of AuNPs on the surface of a leaf offers
potential advancement for sensing applications for real-time monitoring of vital crop information
to increase the avenues of higher crop yield and lower crop loss for increasing the food production

to sustain a rising food demand with higher populations.

6.2 Future Work

The utilization of the optical enhancements of self-assembled nanoantenna offer potential for
advancements in energy, membrane separation, and food protection and production applications.
Materials like those described in Chapters 2-3 have been used for preliminary membrane
separation processes for recovering butanol and for water desalination.? Transitioning from
random arrangements of AuNPs to ordered arrangements as described in Chapter 4 allow for
opportunities in food protection and production applications through the development of a
biological sensor as discussed in Chapter 5. Coupling the optical properties of these AuUNPs with
semiconductor materials like tungsten disulfide or molybdenum disulfide have been demonstrated
valuable enhancements for catalysis and various other photonic devices.®>® Combining these
semiconductor materials with ordered arrangements of NPs result in exciton-plasmon coupling,
known as plexcitons, allow for engineering light-matter interactions in plasmonic and excitonic
systems.®

To-date little is known about the thermal dynamics of plexcitons and materials containing
plexcitons. Understanding the thermal dynamics of these materials could result in an increase in
the viability of these materials being utilized in thermal applications. The optical enhancements
observed from these materials show potential for photonic devices, catalytic applications, and

various other energy applications. Further development and engineering of these materials offer
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opportunities for the fabrication of exotic nanomaterials that have tunable plasmonic and excitonic
properties resulting in an increase in viable applications.

In addition to materials containing plexcitons, the utilization of ordered arrangements of
AuNPs offer potential for improving food protection through further developments and advances
in swab technologies. Currently, polyurethane swabs are used for bacteria collection from surfaces
in the food industry for detecting harmful bacteria levels present on the working surfaces. These
swabs have remained underdeveloped for decades and the incorporation of plasmonic AuNPs offer
opportunities for further advancement of these swab technologies. Work is currently underway to
study the mass of water absorption and rate of water evaporation from standard polyurethane
swabs that have been doped with surfactant and AuNPs in random and ordered arrangements.
Understanding the effects of the surfactant and AuNPs on the water absorption and evaporation in
these swabs when exposed to darkness, ambient light conditions, and laser irradiation could
provide further insight and offer opportunities for further advancement in swab technologies for
food protection. This work is ongoing with collaborators in the Food Science Department at the

University of Arkansas.
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