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STRUCTURE, RHEOLOGY AND OPTICAL PROPERTIES

OF PLASMONIC FLUIDS

Abstract
by

Tao Cong

Fluids with tunable optical and rheological properties are of fundamental and practical
interest. They can be easily processed to manufacture thin films and interfaces for
applications such as molecular detection and light trapping in photovoltaics. Cationic
surfactants such as cetyl-trimethylammonium bromide have the ability to self assemble
with metallic nanoparticles to form a corona or a double-layer vesicular structure. These
structures upon further interaction with wormlike micelle fragments are hypothesized to
form micelle-nanoparticle elastic networks. In this dissertation, solution phase self-
assembly is utilized to uniformly distribute various metallic nanoparticles to produce
stable multicomponent plasmonic fluids with remarkable color uniformity. The optical
properties of the fluids can be robustly tuned by varying the species, concentration, size
and/or shape of the nanoparticles. Multicomponent plasmonic fluids capable of
broadband absorption of visible light are produced via the self-assembly route. Small
angle X-ray scattering and rheological studies suggest that the nanoparticles are

incorporated into the wormlike micelle network to form a more compact double network.

These fluids exhibit rich rheological behavior depending on the nanoparticle
concentration and the salt to surfactant molar ratio. Specifically, non-monotonic

dependence of zero shear viscosity on nanoparticle concentration, rheopexy, shear



thickening, shear banding and shear thinning are observed. The fluids exhibit enhanced
viscoelasticity upon the addition of more nanoparticles. The mechanical, rheological and
optical properties of plasmonic fluids greatly depend upon the temperature due to the
structural changes of the micellar solutions. The application of plasmonic fluids to
efficient light trapping in photovoltaic cells, plasmon-enhanced microalgal growth and

optofluidic devices have been designed and demonstrated in this dissertation.



STRUCTURE, RHEOLOGY AND OPTICAL PROPERTIES

OF PLASMONIC FLUIDS

By
Tao Cong

B.S. Tianjin University, 2008

M.S. Syracuse University, 2010

DISSERTATION

Submitted in partial fulfillment of the requirements for the
degree of Doctor of Philosophy in Chemical Engineering
in the Graduate School of Syracuse University

December 2013



Copyright 2013 Tao Cong

All rights Reserved



ACKNOWLEDGEMENTS

First and foremost, I would like to thank my dissertation advisor, Professor Radhakrishna
Sureshkumar, for his great insight, inspiration, guidance and support over the past three
years to my dissertation research. I greatly appreciate my master’s thesis advisor,
Professor Lawrence Tavlarides for his support and encouragement on my research. I
would like to thank my committee members Professors Mark Glauser, Jesse Bond, James
Henderson, Shikha Nangia and Dacheng Ren for all of their constructive suggestions and
valuable comments to my dissertation. I appreciate Professors Jeremy Gilbert and Patrick
Mather for letting me use the equipment in their laboratory and their help. I also thank
Professor John Heydweiller, who was the department chair and recruited me into the

doctoral program and introduced me to Professor Sureshkumar group.

This dissertation would not have been completed without the support of many people. I
would like to take this opportunity to acknowledge my parents who have always
supported and believed in me. Special thanks to Xiaolu Xu, my fiancée, who always

encourages me, supports me and keeps me grounded.

I would like to thank my fellow classmates and group colleagues Dr. Ronghong Lin, Dr.
George Anitescu, Dr. Jiachuan Pan, Satvik Wani, Peter Paynter, Dr. Ashish Sangwai,
Abhinanden Sambasivam, Yutian Yang, Yating Liu, Dr. Jenny Amey, Bendy Estime and
Dr. Subas Dhakal for their support and accompany. Thanks to several undergraduates

Georo, Elia, Stephen and Lisa who have worked with me over past three years.

I appreciate the superb support from Dawn Long, Sabina Redington, Kristin Lingo and

Lynore de la Rosa.



I would like to acknowledge financial support for this work from the National Science
Foundation and Syracuse University, Travel Grants from the Society of Rheology and
Nunan Graduate Travel Fund. There are also several others without whose expertise this
research world not have gotten very far, including Dr. Kevin Yager, Dr. Aaron Stein and
Dr. Eric Stach at Brookhaven National Laboratory, John Hunt at Cornell Center for
Materials Research, Robert Smith at SUNY ESF, and Dr. Hanbing Wang and Shiril Sivan

at Syracuse Biomaterials Institute.

vi



Table of Contents

LIST OF FIGURES ..ottt ettt sttt e enee XI
LIST OF TABLES ... .ottt ettt ettt s enaesnee e XVII
CHAPTER 1 INTRODUCTION .....ooiiiiiiieieeiiesie ettt ettt 1
1.1. Surfactant Self ASSEMDIY......cc.ciiiiiiiiiiieiece e 1
1.2. Plasmonic NanOPAITICIES. .....ccveieriieeiiieeiiieeiie e et eeieeesteeeseveeereeesaeeetaeesseeesaseees 5
1.2.1. Optical properties of metal nanoparticles ...........cccveevciiieriiiieiiiieeciiece e, 5
1.2.2. Nanostructured light trapping interface ..........ccoveevveerciiiencieeiee e, 7
1.2.3. Plasmon COUPIING.......ccccuiiiiiieiiiie et ettt seeesteeesteeesaeeeaaeeeaaeesnaeesnneees 9

1.3. Plasmonic Nanofluids ..........cocueeiiiiiiiiiieieeeee e 10
1.3.1. Properties of NanOfTuids ........cceoveieiiieiiiiecieecee e 10
1.3.2. Stability of Nanofluids ........ccceeccieieiiiieieecieeee e 12
1.3.3. Self-assembly between surfactants and nanoparticles ..........cccceeeeveeecrveennnenn. 14

1.4. Scope and ODJECHIVE .....cccviieiiieeciieeiee e eee ettt et e e eeeaeeeesaeesnsaeesnseeeesnes 16
CHAPTER 2 PLASMONIC FLUIDS WITH TUNABLE OPTICAL PROPERTIES..... 18
B BN 7 110 0 3 TSRS 19
2.2, EXperimental SECION ......cccuviiiiiieeiiieciie ettt ettt eee e e are e srae e svae e earee e 20
22,1 MALETIALS ...ttt et et e 20
2.2.2. UV-VIS SPECLTOSCOPY veeevrrreanrreesirreesrieesseeesseeessseesssseesssseesssseessssessssssssssesssnses 20
2.2.3. EIECIION MICTOSCOPY .vveeevrrreeurreeereeenreeeseseeessseeessseesssseesssseesssseesssseessssessssessnnnes 20
2.2.4. Small angle X-1ay SCAEIING.....ccvveerrureerrreerieeerieeerreeeeeeeteeeereeesseeesseeennns 21
2.2.5. Rheological MEasuremMents ...........ccccueeerveeenieeenieeeeiieeeieeeeieeeeveeesseeesveeesnnes 21

vil



2.3. RESUILS ANd DISCUSSION ..evveetiee ettt e e et e e e e e e e e e eeeereaaeeeaeaeaes
2.3.1. Structure CharaCteriZAION .......ceeeeeeeeeeeeee e eeeee e ee e e e e eeeeeeeeeeeeeeeerraaaeeaeaene
2.3.2. Tunable optical PrOPETLIES.......cccvuieeriieeeiieeiiieeeieeerveeeeeeeteeeereeesreeeeaeeeeneas

2. CONCIUSIONS ..ttt et e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeaaeaaaaeeaeaenes

CHAPTER 3 DYNAMICS AND RHEOLOGY OF PLASMONIC FLUIDS. .................
3.1 INEOAUCTION ...ttt et st
3.2, EXperimental SECHION ......c.eeeiiieeiiieciieeeie ettt eve e eaae e ree e sree e s

32,1 MALETIALS ..ottt
3.2.2. Rheological Measurements ...........cccueeeueeeeiieeniiieerieeesieeeeeeeieeeeneeeereeeenvee s
3.3. Results and DISCUSSION ....c..eeviiiiiiiiiiiiieiiieie e
3.3.1. Rheology of micellar SOIUtIONS .........ccccuveeeiiieriiieciie e
3.3.2. Effect of nanoparticle addition on shear thickening micellar solutions:
211100154 2SS
3.3.3. Effect of nanoparticle addition on shear thinning micellar solutions: non-
monotonic zero shear rate visCoSity With CN ..ocvveeevveeriiieciiecciiecee e
3.3.4. Effect of nanoparticle addition on shear thinning micellar solutions:
A7 ST Te] B T 2 (o3 1 USRS
3.3.5. Shear banding/shear induced phase separation behavior..............ccceeevveennen.
3.3.6. Assembly of wormlike micelles and nanoparticles ...........cccccccveeeeviencrreennnenn.

3. CONCIUSIONS - ettt e et e e e e e e e e e e e e aeeeeeee e e raaaeeaaaenes

CHAPTER 4 THERMOREVERSIBLE ASSEMBLY OF NANOPARTICLE IN
MICELLAR SOLUTIONS ..ottt

A1 INETOAUCTION . et e e e e e e e e e e e e e e e e e e e e eeeeaaaeeeeeeeeeannnas

viil



4.2, EXPEIIMENTAl ......oeiiiiiiiiiieeiie ettt e et e e e e e saeeessaeeesnaeesnneeees 63

42,1 MALETIALS .ottt ettt ens 63
4.2.2. Synthesis of g0ld NANOSPhETES .......cccvieeiiieeiiieeiieeeee e 63
4.2.3. Synthesis of 20ld NANOTOAS ........ceeeeiiiieiiieeiieee e 64
4.2.4. Plasmonic nanofluids SyNthesis ........ccccecvieeriiieeiiiierie e 64
4.2.5. UV-VIS SPECITOSCOPY -vveerurreerureeerrreeeirreeaisreessseeessseeenssseessseeessseesssseessssesssseessnnes 65
4.2.6. RNCOIOZY ...oeiiiiieeiieeee ettt ettt e e e nae e e e e enns 65
4.3. Results and diSCUSSION ......oeueeruiieiiieiiieiie ittt ettt ettt ettt et e siee e e s ens 66
4.3.1. Thermoreversible optical Properties .........ccecveervuvieririeeriieeriie e e 66
4.3.2. Thermoreversible mechanical and structural properties.........c.ccceeeeuveercreenee. 71
4.4, CONCIUSIONS ...ttt ettt ettt et e st e beesat e e bt e saeeebeesaeeens 77
CHAPTER 5 APPLICATION OF PLASMONIC NANOFLUIDS .....cccovieiiiieriieieeenne 79
5.1. PIasmonic SOlar CellS ......cc.uiiiiiiiiiiiiiieiee e 79
5,11 EXPerimental.......cooouviiiiiieeiiecie e e e 82
5.1.2. Results and diSCUSSION ......cc.ueeuieriieiiieiiiieieeiee ettt 84

5. 1.3, CONCIUSIONS....cutiieiiieiie ettt ettt et ettt et e b e sate s 92
5.2. Plasmon-Enhanced Microalgal Growth in Photobioreactors............ccccccveerveennnee. 93
5.2.1. EXPerimental........ccccveiiiiiiiiiiiecieecee ettt et 96
5.2.2. Results and diSCUSSION ......cc.eeeuieriiiiiieiiieieeite ettt 97
5.2.3. CONCIUSIONS ..ottt ettt ettt ettt et e st eebeesaeeens 101
5.3, OptofTuidiC DEVICES .....eeeiuiieeiiieeiiieeiie ettt eetee ettt e e e e e e e aaeesbeeesnbaee e 102
5.3.1. EXPerimental .........cccueieiiiiiiiiiecieeee e e 104
5.3.2. Results and diSCUSSION ......ccueeiuiiiiieniiiiiieiie ettt 106

X



5.3.3. CONCIUSIONS ...ttt e e e e e e e e e e eeeeeeeeeeeanraaaeeas 111

CHAPTER 6 SUMMARY AND FUTURE OUTLOOK ......cccccctiiiieiieieeeieeeenee 113
0.1, INErOAUCTION ...c..eiiiiiiiiiie ettt et e 113
6.2. Nanoparticle Mediated Micellar Network ..........ccceecieeeiieeiiiiiiicceeceeee, 114
6.3. Rheology of Wormlike Micelle-Nanoparticle MixXtures..........ccccceeeeveercveeenneenns 116
6.4. Structure-Optical Properties Relationship of Micelle-NP Self-Assembly........... 117
6.5. Energy Related APPliCationsS ......c..ceecviiieiiieiiieeeiee ettt 118
6.6. Recommendations for Future Work...........cccccoooiiiiiiiiieceeee 120

REFERENCES ...ttt sttt et sttt ettt e nseenseeneesaeeneas 123



LIST OF FIGURES

Figure 2—1: Red symbol represents scattering intensity from PNG with 54 ppm
monodisperse Au NPs (after subtract background). Solid line represents
fitting using spherical model for particles with lognormal size distribution.
Fitted particle diameter 32 + 3.2 nm. Inset: Scanning electron microscopy

image of the monodisperse Au NPs used in the experiment. ...........cccceeeeevveenenn. 23

Figure 2-2: Red symbol represents scattering intensity from PNG with 0.1 wt.%
polydisperse Ag NPs (after subtract background). Solid line represents
fitting using spherical model for particles with lognormal size distribution.
Fitted particle diameter 41 = 16 nm. Inset: Transmission electron

microscopy image of the polydisperse Ag NPs used in the experiment............... 24

Figure 2-3: a) SAXS data for plasmonic gels with 30 nm Au NPs. b) SAXS data

for plasmonic gels with polydisperse Ag NPs. ......c.ccooviieeiiiieiiieeieeeee e 25

Figure 2—4: a) Linear viscoelastic spectrum of 100 mM CTAB and 200 mM
NaNOs as a function of Ag NPs weight fraction (Storage modulus, G ,
closed symbols and loss modulus, G, open symbols). Lines represent fits
to the Maxwell model. b) Steady state viscosity of a wormlike micellar
solution of 100 mM CTAB and 200 mM NaNOs as a function of Ag NPs

weight fraction. Lines represent fits to the Carreau model. ...........c.coevveevveennenn. 27

Figure 2—5: Plasmonic response spectrum of spherical Au and Ag NPs of various

diameter (d) suspended in WLMS. ......cccoiiiiiiiiiiiiiiecee e 29

x1



Figure 2—6: Plasmonic response spectrum of rod-like Au NPs (d;oq = 25 nm) with

various aspect ratios (4) suspended in WLMS........ccccocvieiiieerciieenieeeieeee e 30

Figure 2—7: Plasmonic nanogels with tuned optical properties. 1) 20 ppm 50 nm
Au nanosphere (red). 2) 20 ppm Au nanorod with an aspect ratio of 2.3
(blue). 3) 20 ppm 35 nm Ag nanosphere (yellow). 4) 10 ppm Au
nanosphere + 10 ppm Au nanorod (purple). 5) 25 ppm Ag nanosphere +
10 ppm Au nanosphere (green). 6) 10 ppm Au nanorod + 10 ppm Ag
nanosphere (orange). 7) 15 ppm Ag nanosphere + 5 ppm Au nanosphere +
10 ppm Au nanorod (brown). Nanoparticles are distributed in the

wormlike micellar solution of 100 mM CTAB/200 mM NaNOs3. ..cccovvvvuneeeeeeeenn. 31

Figure 2—8: A multicomponent plasmonic nanogel with a relatively uniform
extinction spectrum over the visible range. Five different NPs (A-E) are
suspended in the nanogel. Nanoparticles are distributed in the wormlike

micellar solution of 100 mM CTAB/200 mM NaNO3. «.coovveumieeeeeeeeeeeeeeeeeeeeeene 32

Figure 3—1: Shear viscosity of CTAB/NaSal samples, vs. shear rate with R
varying from 0.20 to 0.50. CTAB concentration was fixed at 0.05 M.
Temperature was maintained at 25 °C. Lines represent fits to the Carreau
model. Inset: Log-log plot of critical shear rate as a function of salt
concentration Cs for CTAB samples. The solid line denotes the best

POWET-1aW £t O . oot e 41

xii



Figure 3-2: Plot of viscosity vs. time for (a) R = 0.30 and Cx = 0.05 wt.%, (b) R =

0.30 and Cx =0.10 wt.%, and (c) R = 0.30 and Cy = 0.20 wt.% at different

shear rates in Peak Hold eXperiments. .........cccceeevveeeriieeiieeccieecie e

Figure 3-3: Plot of viscosity vs. shear rate for (a) R = 0.30 and Cx = 0.05 wt.%

and (b) R =0.30 and Cn = 0.10 wt.% at different time in Peak Hold

experiments. Lines are guide t0 €Ye€.....c.eevvvieeriieeiiieeieeeiie et

Figure 3—4: Log-log plot of viscosity vs. shear rate for Cp =0.05 M and R = 0.40
with different concentrations of Ag NP addition. Filled diamond symbols

denote the viscosity measured at 30 min in Peak Hold experiment. Lines

AT GUIAC 1O ©Y€. weeeeuiiieeiiieeiieeeiieeette et e et e e e tteeetaeeetaeesnaeeeesseeeenseeennseesnnseeennes

Figure 3-5: Log-log plot of viscosity vs. shear rate for (a) Cp = 0.05 M and R =
0.40 with different concentrations of Ag nanoparticle addition. (b) Cp =

0.05 M and R = 0.50 with different concentrations of Ag nanoparticle

AAAITION. et e e e e e e e e e e e e e e e e et e e e e e e e e e

Figure 3—6: Plot of zero shear viscosity vs. shear rate for Cp =0.05 M and R =

0.30, R =0.40 & R = 0.50 with different concentrations of Ag nanoparticle

addition. Lines are only guide t0 €Ye. .....ccccvieeriiieiiieeiieeieeeie e

Figure 3—7: (a) Log-log plot of the elastic modulus G (») vs. frequency o for Cp
=0.05 M and R = 0.40 with different concentrations of Ag nanoparticle

addition. (b) Log-log plot of the viscous modulus G (®) vs. frequency ®

Xiil

.. 43

... 46

AT

.. 48



for Cp = 0.05 M and R = 0.40 with different concentrations of Ag

NANOPArticle addition. ..........c.eeeiiiiiiiie e e 51

Figure 3—8: Steady shear rheology of CTAB samples containing Ag nanoparticles
with saturated network. CTAB concentration is 0.05 M. (a) Log-log plot

of viscosity vs. shear rate. (b) Log-log plot of shear stress vs. shear rate............. 54

Figure 3-9: Diagram of rheological behaviors of the CTAB/NaSal/Ag NP
solutions. Shear thickening, rheopexy, and shear thinning are shown in
circles, squares, and triangles respectively. Cross symbols denote regions

in which shear banding or shear induced phase separation are observed. ............ 57

Figure 4—1: Thermal tuning of plasmonic properties of colloidal Au nanospheres.
a) Au nanosphere suspension switches between a disordered and an
ordered state in response to temperature change. b) The extinction spectra
of a typical Au nanosphere suspension when cooled from 30 °C to 15 °C,
and c) the extinction spectra of the same sample when heated from 15 °C

DACK 10 30 C . et e e e e e e e e e e e e e e e raaaeaaaaaaa 67

Figure 4-2: Thermal tuning of plasmonic properties of colloidal Au nanorods. a)
Au nanorod suspension switches between a disordered and an ordered
state in response to temperature change. b) Hypothesized side-by-side

alignment of Au nanorods due to the temperature change. ..........ccccccevvevcveennenn. 69

Xiv



Figure 4-3: a) The extinction spectra of an Au nanorod suspension during six
cycles of repeated heating (at 30 °C) and cooling (at 15 °C). b) The

repeated switching of extinction intensities at 795 nm for six cycles................... 71

Figure 4—4: a) Steady state viscosity of an Au nanorod suspension in wormlike
micellar solution at different temperatures. b) Linear viscoelastic spectrum
of an Au nanorod suspension in wormlike micellar solution at different
temperatures (Storage modulus, G , cycle and loss modulus, G , triangle).

Lines represent fits to the Maxwell model............cccoooviieeiiieeiiiecciieeeeeee, 72

Figure 4-5: The thermoreversible rheological response of a plasmonic micellar
solution. The temperature is controlled via a preset procedure and the
resulting viscosity at a shear rate of 0.1 s™', 50, and the apparent elastic

modulus G are recorded as a function Of tHME. «....ovveveeee oo, 74

Figure 4-6: Illustration of a nanoparticle mediated entangled micellar network

and associated length SCales.........cccovieeiiiiiiiiieiieee e 76

Figure 4-7: a) The relationship between extinction intensity at 795 nm and elastic
modulus of a Au nanorods plasmonic micellar sample as a function of
temperature. b) The relationship between extinction intensity at 795 nm
and the calculated mesh size of entangled nanoparticle-mediated network

as a function Of tEMPETATUTE. ........cccveeeiiieeeiie ettt saee e 77

Figure 5-1: (a) Schematic of the SOI device with nanoparticles. The ohmic

aluminum contacts were deposited using thermal evaporation. Probes were

XV



used to apply a bias to the contacts. The nanoparticles were deposited

through spin-coating. (b) Experimental current collector schematic.................... 86

Figure 5-2: Photocurrent response of (a) 0.01%, (b) 0.05%, (c) 0.1%, (d) 0.2%,
(e) 0.5%, (f) 1%, (g) 5%, and (h) 10% wt./vol. Ag nano ink coatings. The
bare SOI wafers have been normalized for comparison. Error bars show
the standard error for the measurements Photocurrent measurements are

OffSet by 3 fOr diSPIay. .eeeeeiiieeiieeeee e 87

Figure 5-3: Silver ink solution wt./vol. vs. overall photocurrent enhancement.

Error bars show the standard error for the measurements. ........eeueeeeeeeeeeveeennnnnnn... 87

Figure 5—4: (a) SEM pictures of (1) 0.1%, (2) 1%, (3) 5%, and (4) 10% w/v
solutions on SOI wafer. (b) SEM of 1% w/v Ag solution on SOI with
example strings (red) and clusters (yellow) colorized. All scale bars are

200 TM00. ettt e r————————— 89

Figure 5-5: Silver solution w/v vs. the 40 nm particle surface coverage (black
line) and number of particle formations. The number of clusters (red line)

and the number of strings (blue line) are Shown per Pm?. ...........ooeveeeveeeeeeeeernnnn. 91

Figure 5—6: Schematic of mini-photobioreactor using silver nanoparticles
(Reprinted with permission from ref [37]. Copyright 2010 American

INStItute OF PRYSICS)..uiiiiiieiiiieciieeciie ettt et e e s 94

xvi



Figure 5-7: (a) Schematic representation of PVA-NP nanofilms manufacturing
process. (b) Schematic of nanofilms wrapped photobioreactor and a photo

Of eXPETIMENLAL SETUP. ...veieiiiieeiieeciie ettt ettt e e eeta e e e areeesaeeesaseeesnseeas 97

Figure 5-8: Extinction spectra of flexible plasmonic nanofilms containing
different types of nanoparticles. (a) Ag nanospheres; (b) Au nanospheres;
(c) Au and Ag nanospheres; (d) Au nanorods; (¢) a mixture of four types

OF NANOPATTICIES. ..eeeeviieeiiieciie e et e e e e e aa e e esbeeesaseeesnseeas 99

Figure 5-9: Experimentally observed algae concentration as a function of time.
The inset shows photograph of the cultured algae species C. Reinhardtii in
photobioreactor with (left) and without (right) plasmonic nanofilm after 15

QAYS. rteiitie ettt e et e et e e e ta e e e tb e e e aaeeeataeetaeeenbaeeenreeennnes 101

Figure 5-10: (a) Microfluidic channel fabricated by PMMA. (b) Schematic
representation of the microfluidic channel. (¢) Magnified view of the
region within the channel where the UV-Vis spectrometer with an

integrated optical fiber is located to record the optical signal. ........................... 105

Figure 5-11: Viscosity of plasmonic nanogel with different Ag NP concentration

vs. shear rate. CTAB concentration is 50 mM and NaSal concentration is

Figure 5—12: The absorption spectrum of plasmonic nanogel with 0.1 wt.% Ag

NP under different SHEAr TAtES. ....coovvvemeeeee et eeeeeeeeeaeeaes 109

xvii



Figure 5—-13: Apparent viscosity and absorption peak intensity at ~410 nm as a

function of applied shear rate. Open circles denote viscosity data and solid

triangles with error bars denote plasmon resonance peak intensity.................... 111
LIST OF TABLES
Table 2—1: Structural and rheological parameters of Ag-WLM PNGs. .......cccceevvveennnenn. 28

Table 3—1: Structural and rheological parameters of WLM-Ag NP samples.
Linear rheological data were fitted to the Cole-Davidson model. CTAB
concentration is 50 mM, R = Cs/Cp = 0.4. Zero shear viscosities were

obtained by fitting data to Carreau model............ccceeeviieeiiieeciiecciee e, 52

Table 4—1: Rheological parameters of nanorods suspension in 100 mM CTAB and

80 MM NaSal MIcellar SOTULIONS. ...coevuemnee ettt eeeeeeeeeeeeeaeees 73

xviii



Chapter 1

Introduction

1.1. Surfactant Self Assembly

Surfactants are widely used in various industrial fields because of their remarkable ability
to influence the properties of surfaces and interfaces. The term surfactant, which is a
blend of surface active agent, was first created and registered as trademark by the General
Aniline and Film Corp. for their surface-active products [1]. Surfactants are amphiphilic
molecules comprising of a hydrophobic (water loving) tail group and a hydrophilic (water
repelling) head group. The head group usually interacts strongly with water molecules via
ion-dipole or dipole-dipole interactions due to its ionic or polar nature. Most commonly,
surfactants can be divided into four categories according to its polar head group, namely,
non-ionic (no charge), cationic (positive charge), anionic (negative charge), and
zwitterionic (both positive and negative charges). The hydrophobic tail group is typically

a short straight or branched hydrocarbon or a fluorocarbon chain.

In aqueous solution, when the surfactant concentration is very low, most surfactants are
soluble or act much like electrolytes. However, when the surfactant concentration (Cp)
approaches a critical value, called the critical micelle concentration (CMC), the
individual surfactant molecules will spontaneously self-assemble resulting in the
formation of aggregates called micelles, in which the hydrocarbon tails associated
together in the interior of the micelle leaving hydrophilic heads to face the surrounding

aqueous medium. From a thermodynamic point of view, micellization is self-assemble



process, which occurs because the free energy AG of formation of micelles is less than
that required to add an equal number of unassociated surfactant molecules in solution [2].
Another important parameter in micelle formation is temperature. The solubility of
surfactants shows a dramatic increase due to micelles formation above a critical
temperature, called the Krafft temperature (7x). Below the Krafft temperature, the
solubility of the surfactant is too small for the formation of micelle. This can be explained
by the fact that the individual surfactant molecules are only sparingly soluble whereas the

micelles typically have a very high solubility.

For a given temperature 7 > T, as Cp > CMC, micelles are formed. A variety of micellar
structures exist including spheres, cylinders, branched micelles and wormlike micelles
(WLMs). The structural phase of micelles depends on many parameters such as
surfactant concentration, temperature, and presence of counterions, salts, and solution
pH. Israelachvili introduced the packing parameter p, that describes the shape of a
surfactant molecule [3]. The packing parameter takes into account the molecule volume
of the surfactant V, the effective area of the hydrophilic head group a, and the

characteristic length of the hydrophobic tail /:

p=— (1.1)

Specifically, p < 1/3 gives spherical micelles, while cylindrical and rod-like micelles
form for 1/3 < p < 1/2. For 1/2 < p < 1, branched micelles are formed. In the limit of p ~
1, the surfactants tend to form vesicular structures or bilayer sheets. Two head groups of

similar surfactant molecules tend to repel one another due to charges. The length scale is



typically dominated by the electrostatic interactions and can be characterized by the

Debye length 1/x.

1= (M) (1.2)
2N e?l
Where ¢y and ¢; are the permittivity of free space and relative permittivity of the solvent,
respectively, kg is the Boltzmann constant (1.381x10% J/K, T is the absolute
temperature, N, is the Avogadro number (6.023x10” mol™), e is the elementary charge
(1.602x10™" C), and I is the ionic strength of the solution (mol/L). The effective area of
the hydrophilic head group a is closely associated with the Debye length. Addition of
salts to the surfactant solution increases the ionic strength since salts are known to readily
ionize into individual ions owning to the weak Coulombic bonds [4]. From Equation 1.2,
it is evident that the Debye length will decrease as the ionic strength 7 is increased. A
reduction in Debye length leads to an increase in the packing parameter of the surfactant
molecule, which eventually promotes micelle formation. For a given system of micelles,
addition of salts changes the micellar structure, so that spherical micelles tend to grow
into cylindrical or rod-like micelles due to the increased electrostatic screening [5, 6].
This sphere-to-cylinder structure transition is often called second CMC. By tuning the
salt concentrations, bilayers, lamellar or vesicular phases can be induced even at much
lower concentrations that are typically observed at very high surfactant concentrations [7,
8]. Further increase in the packing parameter will promote the growth of the cylindrical
micelles. The micelles eventually become extremely long chains that are usually called
wormlike micelles (WLMs). The flexibility of the chains depends on the persistence

length /,, which is the characteristic length scale beyond which the motion of any two



micellar segments are uncorrelated. For example, /, for DNA molecule is = 53 nm as
determined by Chu ef al. [9]. The value of [, can be measured by performing
birefringence or light scattering experiments [10, 11]. An increase in the salt

concentration generally results in a decrease in the persistence length [10].

WLMs are referred to as “living polymers”: while they exhibit configurational
similarities to synthetic polymers, they exist in a state of dynamic equilibrium between
scission and recombination. A scission energy 2Ec,, 1s required for a micelle to break in
the middle with the formation of two new end caps. At sufficiently large concentrations,
the micellar chains entangle to form a viscoelastic network with characteristic length
scales such as the contour length of micelle strand (L¢), length between entanglements on
a strand (Lg), and the network mesh size (&v). In turn, the change in structure affects the
macroscopic physical properties of the micellar solution, such as viscosity and
viscoelasticity [12-14]. WLMs can find a wide range of applications in many industries
including oil recovery, drug delivery [15, 16], turbulent friction drag reduction [17, 18],
hydraulic fracturing [19, 20], and consumer products [21]. More recently, WLMs have
been applied as templates for the synthesis of nanoparticles and active nanomaterials in
the rapid emerging field of nanotechnology [22, 23]. This dissertation will discuss the
structure, dynamics and optical properties of wormlike micelles based plasmonic

nanofluids.



1.2. Plasmonic Nanoparticles

1.2.1. Optical properties of metal nanoparticles

There are hundreds of examples of natural nanomaterials under our eyes daily, from
geckos that walk upside down on a ceiling to butterflies with brilliant colors that glow at
night and the scales of Pachyrhynchus beetles use opal-like photonic crystals to create
metallic coloration visible from any direction [24]. Inspired by these natural
nanomaterials with periodic structures, a variety of colloidal crystal-based materials with
bio-inspired optical functions have been successfully produced using metal
nanostructures. The ability of noble metal nanostructures to manipulate light at the
nanoscale has resulted in an active research area called plasmonics. The unique physical
and optical properties of metal nanoparticles (NPs) were first systematically studied by
Michael Faraday in 1857 [25]. He described the gold colloidal solution “a beautiful ruby
fluid”, and noticed “a mere variation in the size of particles gave rise to a variety of
resultant colors” [25]. When light is incident on a particle, the free conduction electrons
on the particle surface undergo a collective oscillation at a specific frequency or
wavelength of light. This phenomenon is known as localized surface plasmon resonance
(LSPR). This oscillation results in unusually sharp spectral absorption and scattering
peaks as well as strong electromagnetic near-field enhancements. Gustav Mie in 1908
developed an analytical solution for the equations derived by Maxwell to describe the
scattering and absorption of light by small spherical particles (d, << 1) as shown in

Equations 1.3 and 1.4 [26, 27].
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Where ¢; and ¢, are the real and imaginary components of the complex metal dielectric
function, &y 1s the external medium dielectric function, V' is the particle volume, and A is
the wavelength of light. The extinction cross-section will be maximized when the
denominator in Equation 1.3 approaches zero, i.e. & = -2¢y,. This explains the dependence
of the LSPR extinction peak on the surrounding dielectric environment. For instance,
silver NPs in water (e, = 1.77) possess LSPR extinction peak around 410 nm at where
€1,A¢ = -2ém. By changing the particle material from silver to gold, the resonance shifts
from ~410 nm to ~520 nm. Upon changing the dielectric of the surrounding medium, the
plasmon resonance of a particle shifts significantly [28]. The extinction cross section is
the contribution of scattering cross section added to the absorption cross section, i.e.
Extinction = Absorption + Scattering. The magnitude of the absorption cross-section is
proportional to the cube of particle radius R, while scattering is proportional to R°.
Consequently, for the smallest particles, LSPR extinction is almost identical to their
absorption spectrum. For particle with larger diameter, extinction cross section is
dominated by scattering. For gold NP, this transition from absorption to scattering occurs
at around 80 nm in diameter. In addition, the plasmon resonance peak red shifts as
particle size increases because the Coulombic coupling of the regions of positive and

negative surface charge becomes relaxed at larger diameters.



The shape of NP is also critical in determining the properties of LSPR. Plasmons
supported on isotropic spherical particles are dipolar in nature, resulting in only a single
plasmon resonance peak. NPs with lower shape symmetry can support more plasmon
modes and hence possess broader extinction spectra [29]. Nanorods, for instance, have
two plasmon resonances corresponding to the axial and longitudinal dimensions of the
rods [30]. For a particle with very complex geometry, some approximation must be made
to estimate its optical response and the methods of discrete dipole approximation (DDA)
and finite-difference time-domain (FDTD) have been used to make these calculations
[31]. The tunability of plasmonic properties is highly desirable for many applications that
rely on nanoscale light manipulation such as surface-enhanced Raman scattering (SERS)
[32], molecular sensing [33], imaging [34], therapeutics [35], photocatalysis , light

harvesting [36, 37] and optofluidics [38, 39].

1.2.2. Nanostructured light trapping interface

Thin film silicon (Si) solar cells reduce material cost of photovoltaic (PV) systems and
offer a means to more affordable renewable energy production [40]. Thin film silicon
PVs have an average cell thickness of 300-500 nm as compared to 200-500 um for bulk
crystalline Silicon (c-Si) ones. However, the major disadvantage of thin film Si PVs is the
relatively low efficiency of light to power conversion due to the low light absorption rate
of Si and the reduced optical path length of the thin film. Currently, energy conversion
efficiencies recorded for thin-film single junction amorphous Si solar cells is roughly half
that of bulk c-Si cells [41]. Therefore, in order to realize the potential of thin film Si PVs,
efficient broadband light trapping technologies need to be integrated into the device

design [42].



A promising method for increasing the light absorption/trapping efficiency of thin film
PVs that has emerged recently is the use of plasmonic NPs interfaces serving as an
additional light trapping layer on the top the thin film solar cell [43]. Metallic NP layers
can be tailored to create plasmonic interfaces on Si thin film PVs to efficiently scatter
light at large angles into the underlying semiconducting layer and increase the optical
path length. Recently, excitation of the surface plasmon resonances in the arrays of
spherical Au and Ag NPs with diameters in the range of 20-350 nm deposited on a
crystalline silicon layer has been successfully used to enhance the performance of single
p-Si/n-Si junction thin-film solar cells [43, 44]. Pillai et al. found that the surface
plasmons of Ag NPs can increase the spectral response of thin-film cells over almost the
entire solar spectrum. At wavelengths closer to the band gap of Si, a significant
enhancement of the light absorption for both thin-film and wafer-based cells was
observed [36]. Qu et al. studied the enhancement effect of optical absorption with gold
NPs on the surface of wafer-based silicon photovoltaic devices. The obvious enhanced
photocurrent was observed above the wavelength of 800 nm [45]. There are two
fundamental mechanisms proposed to explain how the NPs lengthen the optical path in
thin film PVs. First, when the NP diameter is significantly smaller than the wavelength of
the incident light, the optical field characteristics of the particle can be approximated as a
point dipole, which can re-radiate the light acting as a powerful scattering element.
Second, a dipole nearby a planar interface of higher optical density can strongly couple
evanescent waves otherwise lost, resulting in enhanced near field light concentration. The
fraction of incident light scattered into the substrate using a dipole near a dielectric

interface could theoretically be as large as 96% [42].



There have been several methods reported in the literature to create plasmonic interfaces,
such as electron beam lithography [44], thermal evaporation [46], nanoimprinting
lithography [47], and ns and fs pulsed laser patterning of ultra-thin films [48, 49]. This
research is aimed at the manufacturing of plasmonic interfaces, which are thin layers of
metal nanoparticles that can trap light efficiently and transmit it into the semiconducting
layer. The most common plasmonic interfaces used for light trapping consists of NP
islands formed through thermal evaporation of a metal thin film followed by annealing
[36, 44]. However, this method creates typically a limited range of particle sizes and
shapes. This dissertation reports a cost-effective and scalable room temperature/pressure
nanomanufacturing process based on a spin-coating technique to create broadband light

trapping plasmonic interfaces on silicon-on-insulator (SOI) devices.

1.2.3. Plasmon coupling

The optical property and displayed color of metallic NPs dramatically change when
isolated NPs aggregate. This has been observed in many experiments. For example,
addition of oligonucleotide molecules into Au NP suspensions resulted in the formation
of NP aggregates with an associated red-to blue color change [50]. When Au or Ag NPs
aggregates form, their optical spectrum exhibits a red shift and plasmon resonance peak
broadening comparing with the absorption spectral peak for the isolated NPs. This altered
optical properties is due to a phenomenon called surface plasmon coupling due to the
transfer and confinement of electromagnetic fields [51, 52]. When this coupling
interaction becomes significant due to the addition of chemicals or surface modification,
the color of the nanoparticle bulk suspension changes accordingly, which is highly

desirable for the detection of chemicals or biomolecules and in optical sensing



application [53, 54]. Specifically, the detection of nucleotides, proteins, and cells based
on the color change or spectral shifting has led to the development of a wide range of
assays and tests for biomedical applications [55]. Zhu et al. reported using gold nanorods
in optical sensors for the detection of antibiotics [56]. The antigen-modified gold
nanorods can self-assemble side-by-side with anti-body modified rods into aggregates.
Based on the absorption spectra change, this assay allowed a very accurate selective
detection of antibiotic residues. Wang et al. successfully applied nanorods assemblies for

the detection of the environmental toxin microcystin [57].

1.3. Plasmonic Nanofluids

1.3.1. Properties of nanofluids

Nanofluids are suspensions of functionalized nanoparticles (usually less than 100 nm) in
a conventional basefluid such as water, ethylene glycols, or oil [58]. Nanofluid has been
found to possess enhanced thermal conductivity, thermal diffusivity, viscosity, optical
properties, and convective heat transfer coefficients compared to those of the base fluid
[59-61]. These attractive characteristics make nanofluids find a wide wvariety of
applications, such as remove waste heat from a nuclear reactor, protect the surgical
region for a safer surgery, reliable sensor in high-temperature/high-pressure conditions,

enhance the fuel cell efficiency, and enhance solar energy harvesting [62, 63].

Most of the literature containing the term “nanofluid” have been devoted to studying the
thermal conductive and convective heat transfer properties of the fluids. The earliest
experiments on conductive heat transfer coefficient of nanofluids was done by the Choi

group at Argonne National Laboratory [64]. Considerable research has been carried out
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on this topic since then. For example, thermal conductivity of ethylene glycol consisting
of 0.3 vol % 10 nm copper NP increased up to 40% compared to basefluid [65]. It is
believed that thermal conductivity of nanofluids containing the same type of NPs would
be influenced by the particle concentration, particle size, temperature, pH, and dispersion
stability [63, 66]. Whether particle aggregation is the primary cause of enhanced thermal
conductivity is still controversial [58]. The reason of increased heat convective
coefficient in nanofluids is also unclear. Buongiorno observed the presence of NPs
disrupted the boundary layer near the wall resulting in a increase in heat convective
coefficient [67]. Some researchers also noticed that in a fully developed turbulent flow,

addition of NPs did not increase the heat convective coefficient.

The unique optical properties of nanofluids containing metallic and other plasmonic NPs
have drawn the attention of many researchers more recently. As we discussed in Section
1.2, fluids containing plasmonic NPs can strongly absorb or scatter incident light with
specific wavelengths due to LSPR. By selectively choosing base fluids and contained
NP(s), the optical properties of such nanofluids can be robustly tuned to suit many
applications such as liquid optical filter [68, 69] and solar energy harvesting [70-73]. For
instance, Otanicar et al. found that adding 0.5 vol % 20 nm Ag NP led an efficiency
improvement of 5% in a direct absorption solar collector [70]. A similar study by Taylor
et al. showed that a 10 cm deep Ag or Au nanofluids with very low NP volume fractions
(< than 0.05%) in the solar collector can absorb more than 95% of the incoming sunlight
[72]. However, a big challenge in using the surface plasmon for solar thermal adsorption
lies in the sharp absorption peak of the surface plasmon, which does not meet the need

for broadband solar absorption and energy harvesting. Lee et al. studied a direct solar
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thermal collector that has four types of gold-nanoshell particles blended in aqueous
solution using numerical simulations based on the Monte Carlo algorithm and finite
element analysis [73]. Each type of NP has different plasmon resonance peak ranging
from ~600 nm to ~1150 nm. They found that the use of blended plasmonic nanofluids
with broadband absorption can significantly enhance the solar collector efficiency up to
70 % even with a very low particle fraction 0.05 vol %. In addition, blended nanofluids
can be utilized as both sun light absorbers and flowing heat transfer mediums as
demonstrated in another recent study [68]. The authors proposed that the nanofluids
mixture with different types of nanoparticles could boost combined efficiency by 80% in
a hybrid solar photovoltaic/thermal (PV/T) solar collector. Specifically, nanofluids serve
as optical filters to absorb solar radiation of certain wavelengths for solar thermal system
and the rest of solar radiation can be collected by photovoltaic devices to generate

electricity [68].

1.3.2. Stability of Nanofluids

Due to very strong van der Waals interactions, NPs in aqueous solution are unstable and
tend to agglomerate leading to phase separation, which limits the real application of NPs
in many fields. In most cases, these agglomerates are compacted hard and cannot be
broken up by simple physical methods such as fluids agitation or sonication. Thus, to
prepare a homogeneous nanoparticle suspension is still a technical challenge that has
existed over many years. Three major mechanisms are involved when considering
particle collision and aggregation: a) perikinetic aggregation due to Brownian motion; b)
orthokinetic aggregation due to fluid motion; and c) differential sedimentation [74]. The

rate constant for aggregation in each category can be expressed as following:
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Where kg is the Boltzmann constant, 7 is the absolute temperature, a is the radius of

particle, # is viscosity of medium fluid, y is the shear rate, g is the gravity, and p, ps are

the density of the fluid and the particles, respectively. Clearly, the perikinetic aggregation
rate constant k, becomes independent of NP size in the monodisperse suspension (a; = a;).
The rate constant for orthokinetic collision k, is proportional to the cube of the particle
size and shear rate. A dimensionless number, Peclet number (Pe) is defined from the ratio
of k, and k&, to compare the relative influence of shear flow and Brownian motion on the
aggregation process. It is mainly a function of particle size, shear deformation rate, fluid
viscosity, and temperature. When Pe >> 1, shear force dominates, while Brownian force

will dominate when Pe << 1.
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Various methods including physical and chemical treatment of particle surface have been
explored to achieve stable nanofluids minimizing NPs aggregation. The easiest way to
overcome this issue is to increase viscosity of fluid. Other common techniques to

stabilize nanofluid include but are not limited to, pH-control, addition of surfactant, and
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ultrasonic agitation/vibration. pH-control technique relies on strong electrostatic
repulsion to keep NPs separated due to the formation of electrical double-layers around
the particles [75, 76]. The particles with higher surface potentials (typically > 40 mV)
would be kinetically stable in the aqueous phase. Addition of long-chain surfactants or
block copolymers can effectively avoid fast sedimentation due to steric repulsion. The
amphiphilic molecules absorb onto the surface of nanoparticles serving as protective
layers. The hydrophilic part of the molecule provides compatibility with the surrounding
medium. However, depletion flocculation could happen when excessive surfactants or
block copolymers are added into the nanofluids [77, 78]. Ultrasonic agitation/vibration is
often used to breakdown large NP aggregates into small ones instead of preventing
aggregation formation. Thus, controlling the stability of homogeneous nanofluids

remains a major challenge.

1.3.3. Self-assembly between surfactants and nanoparticles

Cationic surfactants adsorption at the solid-liquid interface occurs through physical
adsorption. This process is typically enthalpy dominated. Surfactants can adsorb onto
both hydrophobic and hydrophilic surfaces via different mechanisms. On hydrophobic
surfaces, the tail groups in surfactant molecules tend to attach the surface through
hydrophobic interactions. For hydrophilic surfaces, the adsorption process if driven by
hydrogen bonding or Coulombic attraction between the head groups and hydrophilic
surfaces. The metallic NPs used in this study are negatively charged. Thus, the
dominating attractive force between NP is Coulombic force between oppositely charged
surfactant head group and NP surface. Specifically, the surfactant head will bind with NP

surface and the tail will face to the surrounding medium. The equilibrium between
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surfactants adsorbed at the surface and in the bulk can be expressed through the free

energy adsorption:

AGgags = AGerec + AGother (1.9)

Here AGg. is the free energy from the electrostatic interactions and AGowmer 1S the
contribution from all other interactions such as hydrogen bonding, hydrophobic
interaction efc. The electrostatic interactions can be expressed as zF({ when dipole
interactions are neglected, where z is the charge on the surfactant molecule, F is the
Faraday constant (9.649x10° C/mol) and ( is the zeta potential. After surfactants form a
saturated monolayer structure on the NP surface, excess surfactants would bind with tails

of the first layer to form a bilayer full micelle counterpart.

The surfactant-coated NPs can further interact with micelles in the bulk, which in turn
gives rise to additional structure. Jodar-Rayes and Leermakers found wormlike micelles
can bridge between two surfaces. The bridge connecting two bilayers surfactant coated
surfaces is stable when the endcap free energy of the wormlike micelle in solution is
higher than the connection free energy of the stalk with the surface layer [79]. Nettesheim
et al. found that the addition of positively charged silica NPs to CTAB/NaNO3; WLMs
significantly increases the zero shear viscosity, relaxation time, and elastic modulus of
WLM solution [80]. Bandyopadhyay and Sood also observed drastic changes in rheology
after introducing silica NPs into the CTAT micellar solution [81]. Helgeson et al. studied
the structural and thermodynamic measurements in surfactant-NP system and

hypothesized that the micelle-NP junctions form via an end-adsorption mechanism [82].
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Such NP-mediated junctions are attributed to build significant viscosity and
viscoelasticity in WLMs. This mechanism provides a way to robustly distribute NPs in

the aqueous solutions.

1.4. Scope and Objective

The addition of colloidal species such as NPs, emulsion droplets, and proteins to WLM
solutions is routinely performed to impart unique properties to the WLM solution.
Integration of nanoscale fillers into polymer matrices has been studied since 1990s [83].
The use of surfactant and polymers interacting with weak forces with NPs has received
much attention in dispersing NPs [84]. Dramatic enhancements in material properties
have been realized in polymer nanocomposite (PNC) even at very low nanoscale filler
loading. However, the interactions between nanoscale fillers, i.e. NPs, and WLMs
(“living polymers™) and the structure-properties relation ship are still relatively less
understood. WLMs have become widely in lots of industrial applications. This
dissertation will discuss the synthesis and tunable optical properties of plasmonic
nanofluids in Chapter 2. Specifically, we show that self-assembly of metallic NPs with
WLMs in solution is a robust route for producing stable multicomponent plasmonic
nanofluids with exceptional color uniformity and tunable optical property. Au and/or Ag
NPs of different size and shapes, in varying concentrations, are incorporated into a
micelle network to obtain gels with localized as well as broadband optical absorption
properties. In Chapter 3, we present the self-assembly microstructural mechanisms that
surfactant capped NPs can form stable bridges with cylindrical micelles. Such selt-
assembled plasmonic nanomaterials exhibit rich rheological behavior depending on the

NP concentration and the salt/surfactant ratio. The nanofluids show shear-thickening
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(shear induced structure), rheopectic, shear banding, shear induced phase separation and
shear thinning behaviors as NP concentration is progressively increased. The nanofluids
exhibit enhanced viscoelasticity upon the addition of more NPs and the self-assemble
process is thermoreversible. In Chapter 4, we will present the relationship between
structure and optical properties of self-assembled plasmonic metallic NPs with surfactant
WLMs in an aqueous solution. The interparticle distance and the alignment of NPs can be
dynamically tuned by thermal stimuli. The resulting plasmonic optical properties of such
soft materials can be reversibly tuned by controlling the temperature. The plasmonic
fluids can find a wide range of application in many aspects, such as light trapping layer in
thin film solar cell manufacturing, optofluidics, and plasmon-enhanced microalgae
growth efc., which would be discussed in Chapter 5. Finally, Chapter 6 summarizes all

the research achievements and proposes directions for future work.
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Chapter 2

Plasmonic Fluids with Tunable Optical Properties

[Adapted (in part) from Appl. Phys. Lett. 99, 043112 (2011);

Proc. SPIE. 8097, 80970L (2011)]

Multicomponent plasmonic nanofluids capable of broadband absorption of light in the
400-700 nm wavelength range are synthesized by the self-assembly of metal
nanoparticles with wormlike surfactant micelles. Small angle X-ray scattering and
rheological experiments suggest that the nanoparticles bridge micelle fragments to aid the
formation a stable gel phase with exceptional color uniformity. Their optical absorbance
can be robustly tuned by changing the nanoparticle type (Au/Ag), size, shape and/or
concentration. The plasmonic fluids have relatively low viscosity and are
thermoreversible. Potential applications to the manufacturing of coatings and interfaces
for solar energy harvesting and reconfigurable optical devices can be envisioned and will

discussed in Chapter 5 [85].
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2.1. Synopsis

Cetyltrimethylammonium bromide (CTAB) WLMs are elongated and semiflexible
cylindrical aggregates formed by the self-assembly of amphiphilic surfactants in aqueous
solutions [86]. At sufficiently large concentrations, the micellar chains entangle to form a

13 Here, Gy is

viscoelastic network with a linear dimension (&v) on the order of (kyw7/Go)
the plateau storage modulus and 4y, and T represent the Boltzmann constant and absolute
temperature, respectively [87]. Fourier transform infrared spectroscopy and
thermogravimetric analyses reported in the literature suggest that the headgroup of a
CTAB molecule can bind to the surface of a NP [88]. Further, the addition of NPs to an

entangled WLM solution has been shown to influence the network structure through the

formation of a double network of entanglements and NP-mediated junctions [80, 82].

We show that an aqueous solution containing a network of wormlike surfactant micelles
(WLMs) can be used as a template for producing stable multicomponent suspensions of
Au and/or Ag NPs with desirable optical properties. Such suspensions hereafter referred
to as plasmonic nanogels (PNGs) in this chapter, exhibit a long shelf life (~ weeks) and
color uniformity. The shape, size and concentration of the NPs can be varied to tune the
optical properties of the PNGs. In this way, the PNGs can be designed to absorb radiation
over a broad band of wavelengths [85, 89]. The multicomponent PNGs reported in this
work have a relatively low viscosity and elastic modulus. This makes them highly
processable. So, among other things, they can be spin- or dip-coated onto substrates to
produce plasmonic. The synthesis, structure, and absorption characteristics of the PNGs

are discussed in this chapter.
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2.2. Experimental Section

2.2.1. Materials

Cetyltrimethylammonium bromide (CTAB, >99%), sodium nitrate (NaNOs, > 99.9%)
and spherical silver nanoparticles (polydisperse, average diameter day, = 35 nm, 10 wt.%
in ethylene glycol) in this study were purchased from Sigma-Aldrich. Spherical gold
nanoparticles (monodisperse, da ranging from 30 to 90 nm) and rod-like gold
nanoparticles (monodisperse, dave = 25 nm, aspect ratio ranging from 1.4 to 3) were
provided by Nanopartz Inc. The CTAB wormlike micellar solutions were prepared by
vortex mixing CTAB powder and NaNO; with deionized water to the desired final
concentrations, growth under 50 °C for 1 hour. Nanoparticles were added to stable
WLMs under agitation to form metal-micelle complex via self-assembly. All samples
were equilibrated at 25 °C over night prior to measurements. Milli-Q water with a

resistivity higher than 18.2 MQ-cm was used in all the experiments.

2.2.2. UV-Vis spectroscopy

The ultraviolet-visible (UV-Vis) absorption measurements of PNG samples were
performed using a USB4000 spectrometer coupled to a USB-DT light source (Ocean
Optics, Inc.) in the 300 to 900 nm range. The integration time was 100 ms, and four

signals averaging was used.

2.2.3. Electron microscopy

The electro microscopy experiments were conducted at the Center for Functional

Nanomaterials (CFN), Brookhaven National Laboratory. Scanning electron microscopy
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(SEM) images were recorded with a Hitachi 4800 microscope operating at 5.0 kV.
Transmission electron microscopy (TEM) was performed on a JEOL 1400 microscope

operating at 120 kV.
2.2.4. Small angle X-ray scattering

Small angle X-ray scattering (SAXS) experiments were performed at the National
Synchrotron Light Source’s X9 beamline. The scattering data were collected with a
charge-coupled device (CCD) area detector at wavelength A = 0.886 A. The scattering
vector ¢ is defined in terms of the scattering angle 6 and the wavelength A: g =
(47/A)sin(6/2). The values of ¢ were calibrated with silver behenate (¢ = 0.1076 A™). In
order to capture the effect of the presence of NPs on the PNGs structures, the scattering

data of 100 mM CTAB micelle solution were treated as background of the PNGs.
2.2.5. Rheological measurements

Linear and nonlinear rheological measurements were made on 100mM CTAB/200mM
NaNOs; samples with 0, 0.01, 0.05 and 0.1 wt.% Ag NPs using a TA Instruments AR-G2
rheometer featuring highly parallel embossing plates with a 60 mm diameter circular top
plate geometry with a temperature-controlled bottom Peltier plate geometry. The addition
of the salt was necessary to obtain a robust viscoelastic response. Linear viscoelastic
properties, namely the storage and loss moduli G and G respectively, were measured by
subjecting the samples to small amplitude oscillatory shear flow at forcing frequencies
ranging from 0.25 to 250 rad/s in the linear viscoelastic regime (LVR) of the samples.

Nonlinear rheological measurements in steady shear flow of the viscosity 7 as function of
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the shear rate y ranging from 0.01 to 1000 s™ were used to validate the relaxation time

obtained from linear viscoelastic measurements. All of the rheological characterizations
were performed under 25 °C with precisely controlled gap between plates with a typical

value of 1mm.

2.3. Results and Discussion

2.3.1. Structure characterization

We have characterized the structure of the PNGs with small-angle X-ray scattering
(SAXS) measurements. They were performed at the National Synchrotron Light Source
at the Brookhaven National Laboratory. The scattering intensity of non-aggregated
particles can be assumed to be proportional to the form factor of a single particle. Thus

the resulting scattering data of monodisperse hard spheres (Au NPs) can be fitted to:

3 (Ap)sin(gr) - greos(gr))| @)
(97)

/(g,r)=scale: P(gr)=scale-

where P(gr) is the form factor of a single hard sphere which is a function of scattering
vector g and particle radius 7, and Ap is the scattering length density. For the polydisperse
spherical particles (Ag NPs in this study), one has to sum the scattering intensities over
all the particle sizes weighted by their frequency or to integrate using size distribution
function, respectively. A lognormal distribution was used in this study. The scattering

intensity is given by:
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Curves were fitted using SAXS analysis program provided by Argonne National
Laboratory, Irena 2 macros package [90]. The scattering data for the systems with Au
NPs is shown in Figure 2-1. The increase in scattering intensity for the mixture at
intermediate and low q is consistent with the presence of dispersed nanoparticles
contributing to the overall scattering intensity confirmed by fitting the data to the form
factor of a sphere of 16 nm mean radius with a lognormal distribution with a standard
deviation of 10%. In Figure 2-2, we present the scattering data of 100 mM CTAB
samples with 0.1 wt.% Ag NPs. The model for polydispersed spherical particles of 41 =+
16 nm fitted the scattering intensity data well, consistent with the size distribution

measured by transmission electron microscopy.
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Figure 2-1: Red symbol represents scattering intensity from PNG with 54 ppm
monodisperse Au NPs (after subtract background). Solid line represents fitting
using spherical model for particles with lognormal size distribution. Fitted particle
diameter 32 * 3.2 nm. Inset: Scanning electron microscopy image of the
monodisperse Au NPs used in the experiment.
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Figure 2-2: Red symbol represents scattering intensity from PNG with 0.1 wt.%
polydisperse Ag NPs (after subtract background). Solid line represents fitting using
spherical model for particles with lognormal size distribution. Fitted particle
diameter 41 + 16 nm. Inset: Transmission electron microscopy image of the
polydisperse Ag NPs used in the experiment.

Figure 2-3(a) shows the SAXS data for a 100 mM CTAB micellar solution with and
without the presence of monodisperse spherical 30 nm Au NPs. For the pure WLM
solution, a Bragg diffraction peak was observed at a relatively large scattering vector g =
0.053 A™'. This corresponded to a linear dimension 27/g = 11.4 nm, which is greater than
the diameter of a single cylindrical micelle (= 4.6 nm). The diameter is known to be
approximately twice the length of a CTAB molecule [5]. Hence, the peak in the scattering
intensity /(q) signified the cross sectional dimension of the micellar aggregates. For ¢ <
0.01 A”', the scattering intensity followed Porod’s law, i.e., I ~ ¢™*. This indicated a sharp
interface between the micelles and the aqueous environment [91, 92]. For larger ¢ values,
I~ ¢’'. This is consistent with a gel-like structure composed of cylindrical fibers [93]. A

peak corresponding to the particles’ mean nearest neighbor distance was observed at g =

0.0114 A", The corresponding distance, 55.4 nm, is approximately twice the NP
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diameter. Hence, the NPs are assumed to be uniformly distributed without agglomeration.
Further, for ¢ > 0.06A™", the addition of NPs did not significantly affect the scattering
intensity. This indicates that the local micellar structure was preserved for length scales
up to ~10 nm. A comparison of the SAXS data for 100mM CTAB samples with 0, 0.01,
0.1 and 1 wt.% polydisperse Ag NPs (Sigma-Aldrich, average diameter d,,e =~ 38 nm) is
shown in Figure 2-3(b). Local micellar structure was seen to be preserved in this case as
well. Due to the polydispersity of the Ag NPs, sharp peaks were not observed in these

data. A uniform distribution of the Ag NPs was inferred from the above experiments.
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Figure 2-3: a) SAXS data for plasmonic gels with 30 nm Au NPs. b) SAXS data for
plasmonic gels with polydisperse Ag NPs.

The structural information deciphered from SAXS data was complemented by linear and
nonlinear rheological measurements on 100mM CTAB/200mM NaNOs samples with 0,

0.01 and 0.1 wt.% Ag NPs. The addition of the salt was necessary to obtain a robust
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viscoelastic response. The storage and loss modulii G and G were measured by
subjecting the samples to small amplitude oscillatory shear flow at forcing frequencies
ranging from 0.2 to 250 Hz. The data presented in Figure 2-4 was fitted to the Maxwell

model to determine the structural parameters and the stress relaxation time A, [87].

, G Ao’ 23

G ()= "2~ 2.3)
(@) 1+ A0’

G’"(a))=—G°)L’w +n.w (2.4)

1+ Aw®
The relaxation time A, was estimated as 1/w,, where w; is the frequency at which G and
G curves crossover [94]. At a sufficiently large frequency wmin, the local minimal loss
modulus and the plateau storage were observed. The breakage time of the micelle can be
estimated by @min=1/As:. The mesh or “hole” size v was estimated from the plateau
modulus as (ka/Go)l/ 3. As shown in Table 2-1, the mesh size of the micellar network
decreased from 76 to 58 nm as NP concentration was increased from 0 to 0.1 wt.%. The
increase in Gy observed upon the addition of the NPs can be interpreted as a
commensurate increase in the network density p = Go/kyT that is caused by the formation
of NP-mediated network junctions. The plasmonic gels exhibit a plateau at low shear
rates and significant shear thinning at sufficiently large shear rate. As shown in Figure 2-

3(b), under large deformations, 1 decreased as a function of y due to flow alignment and

breakage of the network. Viscosity data could be described by the Carreau model [94]:

n=n,[1+ ()u))z](ﬂ—n/z 2.5)

where 7 is the zero-shear rate viscosity and 7 is a fitting parameter < 1. The observed
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three-fold increase in the zero shear viscosity, 7o, for the sample with 0.1 wt.% Ag NPs is
much greater than what the Einstein equation for the viscosity of dilute suspensions

would predict. This is a further indication of the formation of micelle-NPs junctions.
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Figure 2—4: a) Linear viscoelastic spectrum of 100 mM CTAB and 200 mM NaNO;
as a function of Ag NPs weight fraction (Storage modulus, G, closed symbols and
loss modulus, G, open symbols). Lines represent fits to the Maxwell model. b)
Steady state viscosity of a wormlike micellar solution of 100 mM CTAB and 200
mM NaNQO; as a function of Ag NPs weight fraction. Lines represent fits to the
Carreau model.
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Table 2—1: Structural and rheological parameters of Ag-WLM PNGs.

Property 0.00 0.01 0.05 0.10
wt% wt% wt% wt.%

no (Pas) 132 136 170 3.47

Ar (s, nonlinear) 0.101 0.112 0.134 0.192

Gy (Pa) 9.34 1323 17.25 21.43
p(x102' m3) 227 321 420 521
& (nm) 76 68 62 58

(s, linear) 0.103 0.108 0.117 0.201

2.3.2. Tunable optical properties

The size and shape of plasmonic nanoparticles (NPs) can be changed to tune the optical
absorbance [95, 96]. The extinction spectrum of PNGs with silver and gold nanospheres
(S) is shown in Figure 2-5. The absorption peak of Ag nanogel was at = 410 nm. Gels
with spherical Au NPs showed absorption peaks that red-shifted from = 520 to = 600 nm
with increasing diameter from 30 nm to 90 nm. The extinction of small particles is
dominated by the absorption. Scattering dominates over absorption for large particles.
The refractive index of the NPs depends on both material composition and the particle
shape. So, the peak extinction wavelength is also strongly dependent on the shape of the
NPs. NPs can be produced in a variety of shapes as well, including sphere, rod, cube,
triangle/prism, hexagon, star, efc. For non-spherical particles, multiple resonances will
appear. For instance, gold nanorods have two extinction peaks, which correspond to the
transverse (short axis) plasmon resonance and longitudinal (long axis) plasmon
resonance. The crucial factors determining the position of the extinction peaks of gold
nanorods are their aspect ratio (4) and the radial dimension. All the nanorods in Figure 2-

6 have a radial diameter of = 25 nm. The gel with rod-like Au NPs that had the smallest
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aspect ratio (4 = 1.4) showed only one plasmon peak, while gels with high aspect ratio
Au NPs (4 >1.5) exhibited two absorption peaks corresponding to longitudinal and radial
plasmon resonances. The longitudinal plasmon peak for rod-like Au NP based gels red-
shifted as the aspect ratio was increased. For NPs of more complex structures, numerical
methods are used to study and predict the plasmon resonance spectrum, such as finite

difference time domain (FDTD) and finite element method (FEM).
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Figure 2-5: Plasmonic response spectrum of spherical Au and Ag NPs of various
diameter (d) suspended in WLMs.

NPs of various materials, sizes and shapes exhibit different extinction spectra due to the
differences in their polarizability. Extinction increases linearly with concentration for
relatively low nanoparticle concentrations [95]. The addition of multiple species of NPs
resulted in an extinction spectrum, which is a linear superposition of the individual
spectra. Au nanosphere, Ag nanosphere and Au nanorod exhibited red, yellow and blue
colors respectively. Various colors could be produced by suitably mixing metal NPs
exhibiting those three primary colors. As shown in Figure 2-7, PNGs consisting of

different types of NPs provides a fascinating range of colors. The optical property of each
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sample was examined by UV-Vis-spectrometry. The multicomponent PNGs showed
multiple plasmon resonance peaks in the visible light to near-infrared region. For
example, sample 5 (green curve in Figure 2-7) showed three absorption peaks at =~ 420
nm, = 520 nm and = 640 nm. The first peak is due to the plasmon resonance of Ag
nanospheres while the other two peaks were attributed to the transverse and longitudinal
plasmon resonance of Au nanorod. This offers a new approach to tune the optical
property of nanofluids. Specifically, instead of synthesizing nanoparticles in complex
geometries, such as crescent moon structures [97], star-shape gold nanoparticle [98], one
can produce nanomaterials with desired optical properties by suitably mixing

nanoparticles that can be easily synthesized in aqueous solutions at room temperature.

08 —m 7
i — A=3.0 |
i — A=23 |
—~ 06 A=1.8 1
3 A=14 ]
3 | ]
= [
S 04
° I /\/
w 02} /
00““‘“

Wavelength (nm)

Figure 2—6: Plasmonic response spectrum of rod-like Au NPs (d;oa = 25 nm) with
various aspect ratios (4) suspended in WLMs.
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Figure 2—7: Plasmonic nanogels with tuned optical properties. 1) 20 ppm 50 nm Au
nanosphere (red). 2) 20 ppm Au nanorod with an aspect ratio of 2.3 (blue). 3) 20
ppm 35 nm Ag nanosphere (yellow). 4) 10 ppm Au nanosphere + 10 ppm Au
nanorod (purple). 5) 25 ppm Ag nanosphere + 10 ppm Au nanosphere (green). 6) 10
ppm Au nanorod + 10 ppm Ag nanosphere (orange). 7) 15 ppm Ag nanosphere + 5
ppm Au nanosphere + 10 ppm Au nanorod (brown). Nanoparticles are distributed
in the wormlike micellar solution of 100 mM CTAB/200 mM NaNO;.

Light trapping can be achieved in a wide range of wavelength by changing NPs types and
geometries. Sample 8 with five nanoparticle species (as listed in the Figure 2-8) were
prepared to obtain a more uniform extinction spectrum. Upon tuning the fraction of each
component in the nanogel, the multicomponent PNG showed a broadband absorption
capability. As shown in Figure 2-8, sample 8 exhibited four peaks at =~ 420 nm, = 520 nm,
~ 640 nm and = 750 nm. The last peak is due to the addition of gold nanorod with a
larger aspect ratio of 3.5. Such PNG samples have potential application as a simple and
direct method of optimizing light trapping layers in photovoltaic devices. In addition, due

to their tunable optical absorption, PNGs can be potentially used in photothermolysis [99].
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Figure 2-8: A multicomponent plasmonic nanogel with a relatively uniform
extinction spectrum over the visible range. Five different NPs (A-E) are suspended
in the nanogel. Nanoparticles are distributed in the wormlike micellar solution of
100 mM CTAB/200 mM NaNOs.

2.4. Conclusions

In conclusion, we have shown that multicomponent plasmonic nanogels with a broadband
absorption capability can be robustly synthesized by the self-assembly of metal NPs with
wormlike micelles in an aqueous solution. While we focused on the visible range of the
solar spectrum, it is plausible to access the UV and/or IR regions by a suitable selection
of the constituent species such as different metals and varying NP architectures [100].
The self-assembly route described in this Letter is a scalable room temperature process
and does not rely on specific chemical interactions. Therefore, it is applicable to a variety
of metals and shapes. Further, the gels have a long shelf life and are thermally stable up
to = 80 °C. The network melted at temperatures > 80 °C, resulting in a phase separated
system consisting of a dense NP layer beneath a transparent surfactant solution. However,
upon cooling to below 80 °C followed by vortex mixing, the PNGs were reformed. Thus,

the phase transition is thermoreversible. Since the PNGs possessed a relatively low
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viscosity (~1 Pa-s) and low elasticity, they can be processed by well-established low cost
techniques such as dip-/spin-coating onto or spraying over substrates to produce thin
films and interfaces that are potentially suitable for applications ranging from light
trapping in photovoltaic devices to molecular detection in environmental and biological
systems. Further, the PNGs could be also used to develop reconfigurable plasmonic

devices using the optofluidics technology [39, 101].
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Chapter 3

Dynamics and Rheology of Plasmonic Fluids

The effect of silver nanoparticle addition on the structure and rheology of the Cetyl-
trimethylammonium bromide/sodium salicylate solutions has been investigated
systematically in this chapter. Experimental data suggest a shear induced surfactant-
nanoparticle complex structure formation at low nanoparticle and salt concentrations
leading to a rheopexy behavior. At relatively high salt concentration, wormlike micelle
and nanoparticle self-assemblies are viscoelastic and exhibit shear-thinning behavior. The
elastic modulus increases as the nanoparticle concentration is increased indicating the
formation of a more compact micellar network structure. At a fixed salt/surfactant molar
ratio, the zero shear viscosity increases non-monotonically upon increasing the
nanoparticle concentration. The wormlike micellar solutions with more nanoparticles
exhibit a flow instability called shear banding and/or shear-induced phase separation,
manifested as a nonmonotonic relation between the shear stress and the shear rate in the

shear rheology at high shear rates.
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3.1. Introduction

Wormlike micelles are often referred as “living polymers”: while the wormlike structures
exhibit configurational similarities to synthetic polymers, they exist in a state of dynamic
equilibrium between the scission and recombination of the micellar chains [87]. The
pioneering works showed that WLMs in dilute solutions exhibit linear viscoelasticity that
can be predicted by the linear Maxwell model with a single relaxation time as well as
nonlinear shear-thinning behavior that is similar to that of a Giesekus fluid [102-104].
Under applied shear, entangled solutions of WLMs could undergo flow alignment as the
Weissenberg number, Wi, defined as the ratio of the fluid relaxation time to the inverse
shear rate, attains an O(1) value. Further, for Wi >> 1, the networks could break, and at
even larger values of Wi, the individual WLM chain could also rupture. This would
manifest as shear thinning behavior. On the other hand, in dilute to semi-dilute solutions
of cylindrical micelles, flow aligned micellar chains could undergo “collisions” that could
cause opening of their end caps resulting in micelle fusion. This mechanism is thought to
be responsible for the formation of shear-induced structures (SISs) which would result in

an abrupt increase in the solution viscosity, i.e., shear thickening, upon increasing the
shear rate beyond a critical value y that corresponds to an O(1) value of the Peclet

number, defined as the ratio of the micelle angular diffusion time to the inverse shear rate
[12, 95, 105-108]. SISs in solution are birefringent and always exhibit a butterfly pattern
in light and neutron scattering experiments. This anisotropy is compatible with a strong
alignment of the SIS in the shear flow. In cationic surfactant solutions, SIS formation is
very sensitive to the type and concentration of added salt: for instance, a shear thinning

micelle solution of 0.05 M cetyltrimethyl ammonium bromide (CTAB) solution in
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presence of sodium salicylate (NaSal) salt exhibits shear thickening for a salt to
surfactant molar ratio R ranging from 0.2 to 0.35 and shear thinning for R > 0.35 [12]. A
number of experiments suggest that more concentrated micellar solutions undergo shear-
banding transitions, i.e., formation of two layers with high contrast in shear rates and
viscosity and a constant stress plateau regime in strain-controlled rheological
measurements [109, 110]. Two different phases separated by a boundary that either
exhibited rapid fluctuations or slow migrations perpendicular to the flow direction within
cetylpyridinium chloride/sodium salicylate (CPyCl/NaSal) solution were observed by
Britton and Callaghan [111]. They argue that the slow migrations are governed by stress
relaxation effects while the rapid migrations are flow driven and arise from interfacial

instability.

The addition of colloidal species such as NPs, emulsion droplets, and proteins to WLM
solution is routinely performed to impart unique properties to the WLM solution.
Integration of nanoscale fillers into polymer matrices has been studied since 1990s [83].
Nettesheim et al. and Helgeson et al. proposed a mechanism for NP mediated junction
formation in aqueous CTAB/NaNO; WLM -SiO, NP solutions based on the self-
assembly of a positively charged NP encapsulated in a corona of CTAB molecules with
the WLMs [80, 82]. Recent advances in coarse-grained molecular dynamics (CG-MD)
simulations have enabled the investigations of surfactant self-assembly, salt-induced
structure transitions of cationic micelles and the evaluation of the potential of mean force
of binary interactions between micelles [5, 112]. More recently, the CG-MD framework
has been extended to study the self-assembly of charged metallic NPs with cylindrical

micelles of CTAC in presence of NaSal salt [113]. These studies confirm that surfactant-
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clad NPs can interact with WLMs through an end cap opening mechanism to form stable
junctions. Non-equilibrium MD simulations that span microseconds in time scale are
performed to study the dynamics of surfactant micelles in shear flow in presence of

explicit solvent and electrostatic interactions [114].

In Chapter 2, we show that Au and Ag NPs with different shapes/sizes were incorporated
into the CTAB WLM network to synthesize stable plasmonic nanogels with tunable
optical properties. Small angle x-ray scattering and rheological measurement supported
the proposed mechanism for NP-mediated junctions formation. Such plasmonic nanogels
have potential applications to the manufacturing of coatings and interfaces for solar
energy harvesting and reconfigurable optical devices. The plasmonic nanogels exhibit
rich and diverse rheological behavior that is of fundamental and practical interest to the
design of low cost manufacturing processes to produce interfaces/devices such as
spin/dip coating. Hence, in this chapter, we have focused on performing a series of
experiments for a well-characterized system, CTAB/NaSal [12, 105-107, 115, 116] in the
Newtonian, shear thickening, shear thinning and shear-banding regimes with the
objective of identifying the effect of metal (Ag) NP concentration (Cy) on the rheological
behavior and structure of aqueous micellar solution. The rheological behavior of
CTAB/NaSal solutions used in this study has been systematically investigated in our

previous work [12].
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3.2. Experimental Section

3.2.1. Materials

The surfactant CTAB, the organic salt NaSal and Ag NPs with an average diameter of 35
nm, available as a 10% w/w suspension in ethylene glycol, were purchased from Sigma
Aldrich. Micelle solutions with surfactant concentration Cp = 0.05 M and molar ratios R
= (Cs/Cp varying from 0.2 to 0.5 were prepared by mixing the powdered surfactant and
salt with deionized water (resistance >18.2 MQ-cm). Samples containing NPs were
prepared by adding desired amount of the particulate suspension into the CTAB/NaSal
micellar solutions followed by vortex mixing. All solutions were equilibrated at room
temperature (25 °C) for 24 hours without further purification before performing

rheological measurements.
3.2.2. Rheological measurements

Rheological experiments were performed using a TA Instruments AR-G2 constant stress
and strain rheometer. The cone-and-plate geometry with a diameter of 40 mm (cone angle
0° 59’ 497, truncation 30 um) was used for all measurements. Temperature in these
experiments was controlled at 25°C by a Peltier plate. A solvent trap was used to reduce
water evaporation from samples. At the end of each experiment, the Peltier plate was
flushed with water to remove the sample and then dried and cleaned using acetone before
loading a new sample. Typical steady shear flow experiments were performed by varying
the shear rate from 0.01 to 200 s™ by using logarithmic ramping with 10 intervals per
decade of the shear rate. Peak hold experiments were performed by maintaining the shear

rate constant at desired value and rheological data were collected over a time interval of

38



30 min. As shown in section III, for samples that exhibit rheopectic behavior, it was
necessary to perform peak hold experiments for a sufficiently long time to capture the
transient viscosity profile. The linear rheological experiments were performed within the
linear viscoelastic (LVE) regime that is determined by the strain sweep test. Frequency
sweep measurements were performed by varying frequency from 100 to 0.01 Hz. The
linear viscoelastic response of solutions was fitted to the Cole-Davidson model. Micellar
solutions are known to exhibit aging, e.g. reduced elasticity, and photosensitivity, e.g.
change in color from transparent to yellow, upon storage over a time period of weeks to
months. For the samples used here such effects do not manifest if they are used within

two weeks after original preparation.

3.3. Results and Discussion

3.3.1. Rheology of micellar solutions

In Figure 3-1, we show the results of a steady shear experiment using the solution with
Cp =0.05 M and 0.2 <R <0.5. For small values of R (< 0.3), the samples display nearly
Newtonian behavior with viscosities comparable to that of the solvent (= ImPa-s) at low
shear rates followed by a shear thickening regime as the shear rate is increased beyond a

threshold value y,, e.g., approximately 450 s for the sample with R = 0.25. The shear

thickening behavior is due to the SIS formation. SIS manifest as a gel-like micellar phase
dispersed within a relatively low viscosity solution as suggested by Vasudevan et al. [12].
The inset in Figure 3-1 shows the relation between the critical shear rate for the onset of

shear thickening and the added salt concentration. We find that y, ~ Cs”’ in a good

agreement with the results obtained by Hartmann and Cressely [14]. At higher salt
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concentrations, the inter-micelle electrostatic repulsions are more effectively screened,
leading to the formation of longer and flexible micelles in aqueous solution [5]. Figure 3-
1 also shows that, for relatively large values of R (> 0.35), the zero shear rate viscosity
increases and the samples exhibit shear thinning behavior beyond a certain critical shear
rate. The value of critical shear rate above which shear thinning is observed decreases as
R is increased from 0.375 to 0.5. Under large deformations, 1 decreases as a function of
y due to shear alignment of the micelles as well as the breakage of the structured

network. Viscosity data can be described by Carreau model given by 1 = 1o [1+(A: y )

D2 where 7o is the zero-shear rate viscosity which can be estimated from the plateau

viscosity at low shear rates, A, is the relaxation time, and 7 is a fitting parameter less than
1 [117, 118]. However, the last several points (for ¥ > 1000 s™) are unreliable since we

observed foaming and loss of sample from the rheometer. It is important to note that the
decrease in the viscosity with increasing shear rate approaches an asymptotic slop of —1
[119, 120]. As shown in Figure 3-1, the zero shear rate viscosity increases by five orders
of magnitude from ~0.001 Pa-s to ~100 Pa-s upon increasing salt to surfactant ration (R)
by a factor of two, and agrees well with the previous reported value by Azzouzi et al. and
Kim and Yang [106, 116]. The data reported in Figure 3-1 are also consistent with the

experimental results of Vasudevan ef al. and Hartmann and Cressely [12, 121].
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Figure 3—1: Shear viscosity of CTAB/NaSal samples, vs. shear rate with R varying
from 0.20 to 0.50. CTAB concentration was fixed at 0.05 M. Temperature was
maintained at 25 °C. Lines represent fits to the Carreau model. Inset: Log-log plot
of critical shear rate y_as a function of salt concentration (s for CTAB samples. The

solid line denotes the best power-law fit for y, .

3.3.2. Effect of nanoparticle addition on shear thickening micellar solutions:

Rheopexy

As shown in Figure 3-1, the micellar solutions with 0.20 < R < 0.35 exhibit shear
thickening behavior with different critical shear rates. In this section, the effects of NP
addition on the rheology and structure change of the shear thickening micellar solutions
with Cp = 0.05 M and R = 0.30 were studied. At low NP concentrations, rheopexy
behavior is observed (viscosity increasing with time during shear at a constant rate). The
rheopexy phenomenon has been observed in a wide class of low-concentration wormlike
micellar solutions. The rheopexy of micellar solutions is proposed to be the result of a

continuous kinetic coagulation progress during which long micelles or large micellar
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structures are formed [122, 123]. Rheopexy may lead to a liquid-solid (jamming)
transition that attracts considerable attention for the fabrication of new materials with
extraordinary properties. For instance, it has been shown that rheopexy plays a crucial

role in the formation of spider silk with formidable mechanical properties [124].

To illustrate the rheopexy behavior, we performed Peak Hold experiment in which the
shear rate was held at a constant value and the viscosity is measured over a certain time
period. Figure 3-2 shows the time evolution of shear viscosity for different shear rates of
the micelle/NP sample with R = 0.30 and Cy = 0.05, 0.10 and 0.20 wt.% at. As shown in
Figure 3-2(a), viscosity of the sample with R = 0.30 and Cy = 0.05 wt.% increases with
time until it reaches a plateau value (7.) at different tested shear rates. This is an
indication of a structure gain under shear, e.g., formation of shear induced micelle-NP
complex. As the shear rate increases, 7., decreases. For example, the plateau viscosity
decreases from 3.24 to 0.023 Pas as the shear rate is increased from 0.01 s™ to 100 s
These observation implies that micelle-NP bonds are prone to breakage at high shear
rates. As illustrated in Figure 3-2(b), the sample with Cy = 0.10 wt.% exhibits a similar
rheopexy behavior. However, the viscosity at low shear rates does not reach a plateau
value within 30 minutes. We did not run the test for longer time to minimize errors due to
solvent evaporation. Okamoto et al. observed strong strain-induced hardening and
rheopexy behavior for polypropylene/clay nanocomposites at 150 °C under elongation
flow and steady shear flow respectively [125]. However, neither strain-induced hardening

nor rheopexy in shear flow were observed in neat polypropylene melt.
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Figure 3-2: Plot of viscosity vs. time for (a) R = 0.30 and Cx = 0.05 wt.%, (b) R =
0.30 and Cy = 0.10 wt.%, and (c) R = 0.30 and Cx = 0.20 wt.% at different shear
rates in Peak Hold experiments.
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We did not observe rheopexy in micellar solution without NP addition. These results
further justify the flow-induced internal structural changes within the system. At the same
shear rate, the sample with Cx = 0.10 wt.% has a higher viscosity comparing with the
sample with Cy = 0.05 wt.%. This is another indication that the increase in viscosity is
due to the formation of NP-mediated network. This time evolution of viscosity has been
reported in some previous work for SnO,/ethylene glycol nanofluids [126]. Figure 3-2(c)
shows the results of Peak Hold experiment on the sample with Cx = 0.20 wt.%. The
viscosity shows time independence at different shear rates in a wide range. The viscosity
decreases as the applied shear rate is increased, which implies that the sample is shear
thinning. The absence of rheopexy behavior at high Cy can be attributed to the

preformation of NP-mediated network at static condition with no shear applied.

In Figure 3-3(a) & (b), we show the viscosity profiles at 3, 6, 12, 18, 24 and 28 min as a
function of shear rate for the samples with Cy = 0.05 wt.% and 0.10 wz.%, respectively.
The viscosity curves show a clear transition from shear thickening to shear thinning as
the time evolves. The change of viscosity with the time is more pronounced at low shear
rates compared to that at higher shear rates. At high NP concentrations, the samples
exhibit shear-thinning behavior in steady shear test as shown in Figure 3-4. The viscosity
of the sample with Cy = 0.20 wt.% achieved from Peak Hold experiment at 28 min is
plotted by filled symbols in the figure. It is in qualitative agreement with the steady shear
viscosity. We also observe the change in zero shear viscosity upon increasing the NP

concentrations, which will be discussed later in section 3.3.3.
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Figure 3-3: Plot of viscosity vs. shear rate for (a) R = 0.30 and Cn = 0.05 wt.% and
(b) R =0.30 and Cn = 0.10 wt.% at different time in Peak Hold experiments. Lines
are guide to eye.

45



HH‘ T \\\HH‘ T T TTTTIT T T TTTTIT T T TTTTTT T T TTTTIT T

100 &= =

10 RN E

0 E E

© . ]

o o

= F 4 R=0.30,Cy=0 -

> B -+ Cy =0.20 (28 min) g 3

T o Cy=0.20 oo 1

g 01 o Cy=0.30 5 .

> F 0 Cny=0.40 o E

r v Cn=0.50 ]

001 ? X CN=06O AAAAAAAAAAAé E

F ADAAAAAADALS 3

0'001 HH‘ Il \\\HH‘ Il \\\HH‘ Il \\\HH‘ Il \\\HH‘ Il \\\HH‘ Il 1
0.01 0.1 1 10 100 1000

Shear Rate, v (s™)
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different concentrations of Ag NP addition. Filled diamond symbols denote the
viscosity measured at 30 min in Peak Hold experiment. Lines are guide to eye.

3.3.3. Effect of nanoparticle addition on shear thinning micellar solutions: non-

monotonic zero shear rate viscosity with Cx

The micellar solutions with relatively large R, e.g., R = 0.4 and R = 0.5, are shear
thinning viscoelastic fluids. The microstructural change of such micellar solutions upon
the addition of NPs can be inferred from linear and nonlinear rheological measurements.
Figure 3-5(a) & (b) show the viscosity 1 as a function of the shear rate y in nonlinear
rheological measurements under steady shear flow. WLM solutions exhibit a plateau at

low shear rates. At higher shear rates, 1 decreases as a function of y. The onset of

viscosity decreases (shear thinning) at a shear rate y represents the inverse of relaxation

time. The zero shear rate viscosity 7o of all the samples are also calculated by fitting

viscosity data obtained in the steady shear experiments to the Carreau model.
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Figure 3-5: Log-log plot of viscosity vs. shear rate for (a) Cp = 0.05 M and R = 0.40
with different concentrations of Ag nanoparticle addition. (b) Cp = 0.05 M and R =
0.50 with different concentrations of Ag nanoparticle addition.

We plot the calculated 779 as a function of NP concentration in weight percentage Cn in
Figure 3-6. It is apparent that there is a large difference between the experimental
observation and the prediction from Einstein equation assuming the WLM medium is a
simple viscous liquid (s = nwim (1 + 2.5¢), where nwpm 1s the viscosity of the WLM
fluid and ¢ is the volume fraction of spherical NPs in the fluid). For example, the Einstein
equation gives a ~0.5% viscosity increase at ¢ = 0.2%. However, the micellar solution of

R = 0.4 with 0.2 wt.% NPs shows a zero shear rate viscosity ~100-fold as high as that of
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the pure micellar solution, suggesting that micelle-NPs samples behave far from colliding
hard spheres in a continuum medium. This is another indication of the formation of
micelle-NPs junctions. At low shear rates, these junctions do not break and are linearly
deformed, resulting in Newtonian flow profile. Under strong shear flow or at

Weissenberg number, Wi = A,y > 1, they are strongly deformed and ruptured, causing

shear thinning.
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Figure 3—6: Plot of zero shear viscosity vs. shear rate for Cp = 0.05 M and R = 0.30,
R =0.40 & R = 0.50 with different concentrations of Ag nanoparticle addition. Lines
are only guide to eye.

We also observe that the zero shear rate viscosity increases at first upon increasing Cy
(Figure 3-6). This is very similar to the added salt effect on the zero shear rate viscosity
of micellar solutions observed by Kim and Yang (2000) and Azzouzi et al. (2005) [106,
116]. They observed the equimolar solution of R = 1 is the most viscous (~ 100 Pas) at
low shear rates and the presence of excess salt ions reduces zero shear viscosity 7. The

relaxation time /A, decreases with increasing R from 1 to 10. Kim and Yang argued that

48



the excess salicylate ions in an aqueous solution affect the micelle’s lifetime and its size.
In addition, the micelles are thought to form multiconnected networks at high salt
concentrations by Azzouzi et al. to explain the decrease of viscosity at high salt
concentrations. Recently Bandyopadhyay and Sood (2005) have reported that the
viscosity of CTAT micellar solutions increases nonmonotonically with increasing silica
NP concentration (diameter = 100 nm) [81]. The NP mediated micelle network has a
saturation point plausibly due to the persistence length of wormlike micelles on the order
of 30 nm) [11]. After the micelle entanglement reaches this saturation point, excess
addition of NPs does not contribute to the viscosity increase anymore. The position of
maximum of viscosity shifts from 0.25 wt.% to 0.10 wt.% as R is increased from 0.30 to
0.50 indicates fewer particles are needed for sample with higher salt concentration to

attain the maximum viscosity or the network saturation.

3.3.4. Effect of nanoparticle addition on shear thinning micellar solutions:

viscoelasticity

To further understand the structure change upon NPs addition, we plot the dynamic
frequency response for the samples with R = 0.4 and different Cy as shown in Figure 3-7.
We fit the data to the Cole-Davidson model that predicts a stretched exponential function
for the stress relaxation [127]. Specifically, the dynamics modulus is expressed as G° =
Go[1-1/(1+iwt,)*], where Gy is the high frequency plateau elastic modulus and z; is a
measure of an average relaxation time; the exponent a depends on the surfactant
concentration, salinity, and temperature. The inverse of the exponent a characterizes the
width of the relaxation spectrum and equals to 1 for Maxwellian type relaxation [13]. A

new term is added to G as a high-frequency correction to the Maxwell model
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proportional to the limiting high-shear viscosity in order to capture the minimum in G .
This term is empirically assumed to represent the dynamics of micelle breakage time zy,,
which is the inverse of the frequency at local minimum in G . The reptation time Trep CaN
be estimated by applying Cates’ theory for WLM fluids as yep = ./t0r [87], assuming that
the kinetic timescale associated with the scission/recombination reactions is relatively
small compared to the relaxation time. The micellar solution in absence of NPs shows
very weak viscoelasticity as seen in Figure 3-7. NPs materially participating in the WLM
network leads to an enhanced WLM network viscoelasticity. The exponent a increases
from a relative small value to its maximal value of 1 indicating a transition from multiple
stress relaxation process to a relaxation process with only one relaxation time. This non-
Maxwellian to Maxwellian linear viscoelasticity transition is observed with increasing
NP concentration as shown in Figure 3-7. This observation is consistent with the results
presented by Bandyopadhyay and Sood (2005) for addition of silica NPs to CTAT
micelles. However, the study by Helgeson (2010) show a contradictory trend that CTAB
samples exhibited a transition to non-Maxwellian behavior with increasing NP
concentration [82]. A significant difference between these two studies is that the
variations of the surface chemistry of NPs. The silica NP used in the study by
Bandyopadhyay and Sood was negatively charged, while the particle was positively
charged in Helgeson’s experiment. For the samples with NPs exhibiting viscoelasticity,
the Cole-Davidson model well describes the experimental measurements, except at
relatively high frequencies. Table 3-1 summarizes the fitting parameters. Addition of Ag
NP to CTAB micelles results in the development of viscoelasticity in solutions as well as

an increase in the plateau elastic modulus, Gy. This can be interpreted as a commensurate

50



increased in the network density p = Go/kyT that is caused by the formation of NP-
mediated network junctions. Relaxation time and breakage time increases with NP
addition then decreases. The change in the relaxation time is dominated by the

contribution of the reptation time.
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Figure 3-7: (a) Log-log plot of the elastic modulus G (o) vs. frequency o for Cp =
0.05 M and R = 0.40 with different concentrations of Ag nanoparticle addition. (b)
Log-log plot of the viscous modulus G (®) vs. frequency o for Cp = 0.05 M and R =
0.40 with different concentrations of Ag nanoparticle addition.
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Table 3—1: Structural and rheological parameters of WLM-Ag NP samples. Linear
rheological data were fitted to the Cole-Davidson model. CTAB concentration is 50
mM, R = Cs/Cp = 0.4. Zero shear viscosities were obtained by fitting data to Carreau
model.

Ag (wt.%) no (Pas) Gy (Pa) 7, (s, linear) o Tpr (S)
0 0.59 - - - -
0.05 16.52 5.7 15 0.60 0.16
0.10 56.83 7.7 20 0.80 0.25
0.20 120.1 8.9 13 0.80 0.13
0.30 83.65 11.5 7.2 0.85 0.10
0.40 36.23 13.5 1.5 0.90 0.08
0.50 17.33 14.0 0.7 1 0.05

3.3.5. Shear banding/shear induced phase separation behavior

We notice the existence of maximum zero shear rate viscosity as NP concentration is
increased that is plausible corresponding to the network density saturation. The network
density or entanglement density in viscoelastic gel system can be expressed as p = Go/k,T.
Since temperature of all measurements is maintained at 298 K, the value of Gy indicates
the network density within the sample. The increase in Gy observed upon the addition of
NPs confirms the role of NPs as the network nodes. Gy reaches a plateau value regardless
the increase of NP concentration. This supports the hypothesis that there is a network
saturation point for the micelle-NPs system. For the network-saturated samples (the
viscoelastic samples with the highest zero shear rate viscosity), we observed that the
viscosity as function of shear rate follows 3 different slops as shown in Figure 3-8(a). I:

Newtonian regime that viscosity is independent on shear rate, 5 ~y°; II: The viscosity

decreases as y %; III: The decrease in the viscosity with increasing shear-rate approaches
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an asymptotic slop of -0.67, 7 ~7 **’. In polymer solution, the slope of shear thinning

viscosity as a function of the shear rate is related to the size distribution. The steeper slop
indicates the uniform size distribution. Pure micellar solutions shear thin with a slope
tends to -1. Therefore, the micelle size distribution is uniform compared to the case in
which the NPs are present. We also plot the shear stress (o) as a function of the shear rate

(y) for all those samples in Figure 3-8(b). The measured stress increases linearly with

increasing shear rate, passes through a maximum (o.) as observed previously by Britton
and Callaghan [111], and then through a minimum before increasing further. The
maximum in shear stress, o, is found to be proportional to the elastic modulus of the
sample. Two branches, one at low and one at high shear rates are separated by a

mechanically instable regime characterized by a negative slope do/d y . Previous work on

surfactant micelles by Liberatore et al. (2006) has shown that the high shear band
consists of a dense, highly branched, while oriented micellar phase dispersed in a low
viscosity, micelle-lean phase [128]. If the shear flow is strong enough, the shear-
enhanced concentration fluctuations lead to shear induced phase separation. Here, under
the high deformation, surfactant capped NPs disengage from micellar network, while the
wormlike micelle entanglements remain in the low shear band. Shear induced phase
separation leads to a low viscosity fluid and a nonmonotonic constitutive equation that

admits shear banding.
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Figure 3-8: Steady shear rheology of CTAB samples containing Ag nanoparticles
with saturated network. CTAB concentration is 0.05 M. (a) Log-log plot of viscosity
vs. shear rate. (b) Log-log plot of shear stress vs. shear rate.

3.3.6. Assembly of wormlike micelles and nanoparticles

Due to the amphiphilic nature of surfactant molecules, their adsorption and self-assembly
at colloidal interface will depend on the surface chemistry of the colloid, and the resulting

balance of interactions between the surfactant head and tail groups. Some possible
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structures include lateral spheres and hemispheres, cylinders and hemicylinders, and
bilayers and hemibilayers. Silver NP used in this study is negatively charged and
hydrophilic. Cationic surfactants adsorb on hydrophilic surfaces tend to form bilayer
structures. Such bilayer structures would interact with WLMs in the bulk. Jodar-Reyes
and Leermakers found wormlike micelles can bridge between two surfaces comprising
surfactants. The bridge connecting two adsorbed bilayers is stable when the endcap free
energy of the wormlike micelle in solution is higher than the connection free energy of
the stalk with the surface layer [79]. Thus, if the surfactant concentration is sufficiently
large, the mechanism of WLM-NP interactions is through specific interactions between
WLMs and the adsorbed bilayer structure. A cylindrical micelle in solution is oriented
such that one of its end caps approaches the bilayer structure on NP surface. The micelle
and surface layer can then rearrange to form a micelle-NP junction. Because the NP
surface area is much larger than the cross section of the cylindrical micelle, a single
particle may accommodate multiple micelle-NP attachments. This mechanism is also
supported by our rheological results. Upon addition of Ag NP to CTAB/NaSal micellar
solution, the NPs serve as physical cross-links between micelles, resulting in an increase
in the equilibrium modulus of the fluid. Helgeson and Wagner derived a statistical
mechanical model to describe the colloidal interaction mediated by the grafted polymer-
like micelles. According to the prediction, the interparticle attractions are stronger and
longer range compared with those encountered in ordinary telechelic polymers [129]. A
recent study by Varade and Haraguchi showed that wormlike micelle can serve as a smart

and ideal template to synthesize noble metal NPs and ordered self-assembled

55



nanostructures. They also observed an enhanced viscoelasticity of wormlike micelles

upon the addition of Ag NPs due to the self-assembly of NP and micelles [130].

The results of the experiments show that the incorporation of NPs into micellar solutions
results in rich rheological behaviors of WLMs as summarized in Figure 3-9. CTAB
surfactant solution with relatively low NaSal concentration (e.g. R = 0.2 and R = 0.3), the
micelles in the solution are in short cylindrical or rodlike geometry. Thus, the viscosity is
very small and close to the viscosity of the solvent. The addition of small amount of NPs
does not increase the initial viscosity in absence of shear. The viscosity increases upon
applying the shear to the sample indicating the formation of shear-induced assembly of
micelle-NP complex. Unlike the self-assembly structure, such shear-induced structure is
unstable and tend to break under higher shear rates. WLMs can form self-assembly with
more particles at static condition and such assembly breaks under high deformation. Such
self-assembly manifest as an elastic double-network comprise of micelle entanglement as
well as NP mediated junctions, which is supported by the linear rheological experiment
as we discussed in Section 3.3.3. The double network will saturate at a certain NP
concentration constrained by the persistence length of the semiflexible surfactant micelles
as well as the micelle concentration. Upon adding more NPs, the structure becomes more
compact and the mesh size of the network decreases as indicated by the increase of G .
The smallest mesh size calculated from linear rheological experiment is around ~59 nm.
Flow-birefringence measurements suggested persistence length of WLMs decreases with
increasing salt ratio due to an increase in chain flexibility through electrostatic screening
[82]. The diameter of the NP (30 nm) used in this study together with the persistence

length of WLMs (28 nm) is in a good agreement with the observed minimum mesh size.
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Beyond the saturation point, excess NPs affect the self-assembled network indicated by
the decrease of the zero shear viscosity. Some possible reasons could be following: (a)
The surfactants are favorable to adsorb onto the surfaces of the excess NPs, which causes
a decrease of the number of micelle chains and resulting lower network density. (b)
Surface charged metal NPs possess ability to disrupt lipid self-assembly [131]. Excess
NPs would interact with micelles laterally causing the damage of the micellar structure.
(c) The depletion interactions between the particles at the high particle loading are
stronger than the viscoelasticity of the WLM solution. The samples with saturated
network or maximum zero shear rate viscosity exhibit strong shear banding behavior due
to the shear induced phase separation. Indeed, shear induced phase separation is a
necessary condition for shear banding in dispersion [132]. Thus, under the high
deformation, NPs disengage from the micellar network leading to a phase separation and

different viscosity bands.
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Figure 3-9: Diagram of rheological behaviors of the CTAB/NaSal/Ag NP solutions.
Shear thickening, rheopexy, and shear thinning are shown in circles, squares, and
triangles respectively. Cross symbols denote regions in which shear banding or
shear induced phase separation are observed.
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3.4. Conclusions

CTAB surfactant solutions exhibit Newtonian behavior at low shear rates y . At low salt
concentrations Cs, when y exceeds the critical shear rate y_, a structure transition occurs

that causes gel-like structures to form within the Newtonian solvent which in turn

increases the viscosity of the surfactant solution (shear thickening). As C; increases, the
zero shear viscosity also increases, but 7 is found to decrease. We find that y, ~ Co7. At

high salt concentration, under the sufficiently large y or deformation, entangled

wormlike micelle structure tends to break leading to a viscosity decrease (shear thinning).

In this work, we studied the rheological behavior of cationic surfactant micellar solution
with NP addition, where the particles are of the negative charge. At low salt
concentration and low NP concentration, the surfactant/NP mixture exhibit shear
thickening and/or rheopexy behavior indicating the formation of micelle/NP complex
under the shear due to the interaction between surfactant micelle and NPs. The rheopexy
samples exhibit higher viscosity at 30 min under lower shear rates. This dynamic
evolution of viscosity may be considered as an evidence of the inherent complexity of
this type of fluids, whose rich behavior is still far from being understood. As the NP
concentration is increased, a transition from shear thickening/rheopexy to shear
thinning/shear banding is observed. The shear thinning samples have relatively higher
zero shear rate viscosity comparing with pure micellar samples. At a constant
salt/surfactant molar ratio, the zero shear rate viscosity exhibits a nonmonotonic increase
with the NP concentration. This indicates that the excess NP would affect wormlike

micellar network or entanglement. At sufficiently large NP concentration, the samples
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exhibit shear banding behavior which is plausibly due to shear induced phase separation.
The presence of micelle-NP junctions affords unique modification of WLMs in which

entanglements and junctions give rise to viscoelasticity.

Overall, the results demonstrate that the rheology of surfactant-NP mixtures can be
controllably tuned by salt or NP concentration. Adding metal NPs to WLMs is an
effective and efficient method to impart distinct functionality to the fluid such as
plasmonic and optical properties. The results from the rheological measurement motivate
future work to develop a more rigorous mathematic framework and multiscale dynamics

simulations to quantify the self-assembly mechanism of NPs and surfactant micelles.
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Chapter 4
Thermoreversible Assembly of Nanoparticle in Micellar

Solutions

The effects of temperature on the structure and optical properties of self-assembled
plasmonic metallic nanoparticles with surfactant wormlike micelles in an aqueous
solution are studied. The present research demonstrates the strong correlation between
nanoparticle dispersion and optical absorption. The interparticle distance and the
alignment of the nanoparticles can be dynamically tuned by thermal stimuli. Upon a
decrease in temperature, the micellar solution with gold nanospheres exhibits red shifted
plasmon resonance due to interparticle plasmon coupling. The longitudinal plasmon
resonance peak of the micellar solution with gold nanorods blue shifts indicating a side-
by-side assembly configuration. The plasmonic optical absorption and microstructural
properties of such self-assembled soft materials are robustly thermoreversible within a
certain temperature range. The results presented in this work provide a means for
reversible tuning of plasmon resonance of metallic nanoparticle in solution phase which
can be particularly useful in sensing, biomedical application and low-cost large scale

nanoparticle assemblies/nanomaterials manufacturing.
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4.1. Introduction

Recent years have seen a growing interest in plasmonic nanoparticles due to their unique
optical, electronic [133], magnetic [134], and physicochemical properties [135, 136].
These unique properties make plasmonic NPs ideal candidates for diverse applications in
fields ranging from sensors, therapeutics, and photocatalysis to light trapping and energy
harvesting [137, 138]. One of the major challenges in this field is to organize the particles
at the nanoscale to form secondary structures for the fabrication of microscale constructs
with remarkable collective properties. It has been demonstrated that the organization and
assembly of nanocrystals in multi-dimensional superlattices alters their optical properties
from their isolated counterparts [139, 140]. For example, the plasmon peak in the
hexagonal structure of Au NPs is shifted towards low energy, and a increase in the peak
width is observed due to the interparticle coupling effects on plasmon resonances [141,
142]. Various types of assembly techniques have been explored by many groups, which
can be broadly separated into four categories: assembly at surfaces [143], evaporation-
induced or drying-mediated assembly [144], polymer-composite assisted assembly [145,
146], and solution-phase assembly [147]. However, the control over the dynamical
properties of the assembled microstructure is still a challenge. Solution-phase assembly
could allow access to different types of structures in a more scalable fashion as compared
to other methods [148]. In the previous studies, stimuli responsive polymers (e.g. Poly
(N-isopropylacrylamide)) and biomolecules (e.g. DNA) have been used to tune assemble
and disassemble processes of NPs [149-152]. However, these complex polymers and
functionalized DNA are very expensive that limits the large-scale application of such soft

materials. Furthermore, the optical response rate for anisotropic NP self-assembly is till
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relatively slow which typically ranges from several minutes to hours as reported by other
research groups [153, 154]. Control over the aggregation kinetics in these systems is

another challenge in state of the art research in this field.

There are two most important factors in designing a stimuli-responsive nanomaterials
with reversibly tunable plasmonic properties. First, the surface of NPs should be modified
to protect them from aggregating into irregular clusters. Secondly, the interparticle
distance should be able to respond to external stimuli dynamically and reversibly. It has
been shown that surfactant molecules can form a bilayer structure at the surface of Au
NP, in which the inner layer is bound to the surface of particle via the surfactant
hydrophilic headgroups [88]. Recently, it is found that metal NPs, e.g. Au, can form a
stable particle-mediated network in the wormlike micellar solutions [82, 85]. Wormlike
micelles are elongated and semiflexible cylindrical aggregates formed by the self-
assembly of amphiphilic surfactants in aqueous solutions. Such networks are capable of
distributing NPs with different sizes and shapes within aqueous solution. At sufficiently
high concentrations of surfactant, the micellar chains entangle to form a viscoelastic
network structure with linear mesh size (Ev) on the order of (ksT/Go)"*, where kg is the
Boltzmann constant, and 7" and G, represent absolute temperature and elastic modulus
respectively. Small angle X-ray scattering experiments have suggested that the metal NPs
could be uniformly distributed in the entangled micellar solution with an interparticle
distance comparable to the mesh size [85]. This indicates that the interparticle distance
between the NPs, and hence the elastic modulus of the micellar solution at a fixed
surfactant concentrations, could be effectively tuned by varying the environmental

temperature. The elastic modulus of a micellar solution with a fixed surfactant
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concentration is also strongly dependent on temperature. In general, the surfactant

micellar network structure becomes more compact as the temperature is decreased.

In this chapter, we demonstrate the thermoreversible tunability of interparticle distance
for both isotropic (nanosphere) and anisotropic (nanorod) Au NPs via simply temperature
variation in the surfactant micellar solution. The mechanical and rheological properties of
plasmonic nanogels greatly depend upon the temperature due to the structural change of
the micellar solution. The color displays, optical properties, and the surface plasmon
coupling of such soft materials can be reversibly tuned by controlling the temperature.
The dynamic tuning of the surface plasmon coupling represents an important step
towards the development of novel surface plasmon resonance based functional optical

devices and sensing systems.

4.2. Experimental

4.2.1. Materials

Hexadecyltrimethylammonium bromide (CTAB, >99.0%), sodium salicylate (NaSal,
>99.0%), trisodium citrate (>99.0%), gold chloride trihydrate (HAuCly-3H,0, >99.9%),
sodium borohydride (NaBH4, >99%), L-ascorbic acid (>99.0%), and silver nitrate
(AgNO3, >99.9%) were obtained from Sigma Aldrich and used as received. Milli-Q

water with a resistivity higher than 18.2 MQ-cm was used in all the experiments.

4.2.2. Synthesis of gold nanospheres

The gold nanospheres (d = 15 + 2 nm) were synthesized by the citrate reduction of

HAuCly in water [155]. Briefly, 100 mL of 1.0 mL aqueous HAuCly solution was boiled.
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10 mL of a 38.8 mM aqueous solution of trisodium citrate was added, which was then
boiled for 20 min with vigorous stirring. Upon initial color change to red, the solution
was then immediately cooled to 80 °C and annealed for 2 hours. The sample was then let
to cool naturally to room temperature and allowed to stir overnight. The colloidal solution
was then purified via centrifugations at 7000 RPM for 30 min and was stored at room

temperature protected from light.

4.2.3. Synthesis of gold nanorods

Gold nanorods were prepared by a modified version of the “seeding-mediated growth
method” devised by El-Sayed and co-workers [156]. Briefly, a seed solution was
prepared by mixing an aqueous solution of 5 mL of 0.5 mM HAuCls and 5 mL of 0.20 M
CTAB with 0.6 mL of ice-cold, freshly prepared 10 mM NaBH,4 solution. To grow the
gold nanorods, different amounts of the seed solution (0.06 and 0.12 mL) and 4 mM
AgNOs solution were added to a reaction mixture containing HAuCls (5 mL, 1 mM),
ascorbic acid (0.07 mL, 0.0788 M), and CTAB (5 mL, 0.2 M) followed by gently mixing.
The solutions were stored at 30 °C and the color of the solutions gradually changed
within 20 to 30 min. The aspect ratio of the rods increased as the amount of added seed
solution increases and the amount of AgNOs decreased. Two types of gold nanorods were
used in this study, one with an aspect ratio of 3.5 (25 nm diameter and 88 nm length),

another with an aspect ratio of 2.6 (25 nm diameter and 65 nm length).

4.2.4. Plasmonic nanofluids synthesis

The CTAB wormlike micellar solutions were prepared by vortex mixing NaSal and

CTAB powder with Milli-Q water to the desired final concentrations (100 mM CTAB
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and 20 mM NaSal) and incubated under 50 °C for 1 hour. NPs were added to stable
WLMs under agitation to form micelle-NP complex via self-assembly. All samples were

finally equilibrated at 25 °C over night protected from light prior to measurements.
4.2.5. UV-Vis spectroscopy

It is generally difficult to determine whether a particular assembly is truly occurring in
solution phase or has been affected by evaporation or drying. Electron microscopy
including TEM and SEM are one of the few ways to directly visualize NP assembly.
However, both of these techniques, as well as AFM imaging, generally require a dried
sample, so it can be extremely difficult to avoid drying effects for such samples. In this
work, in-situ real time ultraviolet-visible (UV-Vis) absorbance spectroscopy was used to
characterize the assembly process within the micellar solution. The UV-Vis absorption
measurements of plasmonic nanogel samples were performed using a USB4000

spectrometer and a USB-DT light source (Ocean Optics, Inc).
4.2.6. Rheology

Rheological experiments were performed using a TA Instruments AR-G2 constant stress
and strain rheometer. The cone-and-plate geometry with a diameter of 40 mm (cone angle
0° 59’ 497, truncation 30 um) was used for all measurements. Temperature of all
measurements was controlled by a Peltier plate. A solvent trap was used to reduce water
evaporation from samples at high temperatures. At the end of each experiment, the Peltier
plate was flushed with water to remove the sample and then dried and cleaned using
acetone before loading a new sample. Typical steady shear flow experiments were

performed by varying the shear rate from 0.01 to 1000 s by using logarithmic ramping
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with 10 intervals per decade of the shear rate. The linear rheological experiments were
performed within the linear viscoelastic (LVE) regime that is determined by the
oscillatory strain sweep test at 1 rad/s from 0.1% to 100% strain. The storage and loss
moduli, G and G, respectively, were measured by performing a frequency sweep
measurements at 3% strain, varying frequency from 0.01 to 100 Hz. No hysteresis in

LVE measurements was observed in this study.

4.3. Results and discussion

4.3.1. Thermoreversible optical properties

The Au nanospheres with diameter around 15 nm were dispersed in a CTAB/NaSal
micellar solution at 30 °C. As shown in Figure 4-1(a), the plasmonic nanogel with Au
nanospheres displays ruby red color at high temperature (30 °C), while it displays
purple/blue color when the temperature is cooled down to 15 °C. The color-change is due
a disassembly to assembly transition. When Au NPs begin to self-assemble into
secondary structures, their optical spectrum red-shifts significantly from the spectral peak
of the extinction/absorption for the isolated nanoparticle [52]. In Figure 4-1(b) and (c),
the plasmon resonance peak originally at about 530 nm gradually red-shifts to longer
wavelengths with a significant decrease in peak intensity, and broaden in peak width
when the temperature is lowered from 30 °C. Notice that the color of the plasmonic
nanogels at low temperature is not totally dark blue and no particle aggregates has been
observed by naked eyes in the micelle solution, suggesting that the NPs are still in a
stable state. As shown in Figure 4-1(c), when the same sample is heated from 15 °C back

to 30 °C, the extinction spectra gradually recover to the single isotropic surface plasmon
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resonance band, indicating a transition from compact assembly of nanospheres to isolated

NPs.
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Figure 4-1: Thermal tuning of plasmonic properties of colloidal Au nanospheres. a)
Au nanosphere suspension switches between a disordered and an ordered state in
response to temperature change. b) The extinction spectra of a typical Au
nanosphere suspension when cooled from 30 °C to 15 °C, and c) the extinction
spectra of the same sample when heated from 15 °C back to 30 °C.
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Gold nanorods are of particular research and practical interest especially in biomedical,
diagnostic and catalytic arenas because of their intrinsic shape-anisotropy [157]. They
exhibit transverse and longitudinal surface plasmon resonances, which correspond to the
coherent electron oscillations on transverse (short axis) and longitudinal (long axis)
dimensions. The shape-dependent properties of nanorods enable spectral tunability of the
longitudinal plasmon resonance into the near-infrared region. Furthermore, Au nanorods
can be assembled into superstructures with different degree of organization, namely side-
by-side or end-to-end, by different methods including using organic molecules, polymers,
an antibody-antigen reaction, biomolecules, and DNA [158]. Unlike isotropic NPs, the
coupling surface plasmon resonance in nanorods assemblies depends not only on the
interparticle distance but also on the mutual orientation of the nanorods with respect to
each other. Many experimental and theoretical studies have shown that end-to-end
assembly of nanorods should induce a significant red-shift in the longitudinal plasmon
peak, whereas side-by-side assembly should induce a blue shift and some peak

broadening [57, 154, 159, 160].

As shown in Figure 4-2(a) inset, by decreasing temperature, the color of gold nanorods
with an aspect ratio of 3.5 in the CTAB micellar solution changes from brown to
purple/dark blue. We do not observe any apparent precipitation throughout the whole
experiments. Notice that the absence of reddish hue in the disassembled nanorods
suspension is indicative of very low concentration of spherical shape impurities. High
monodispersity is the key to a successful self-assembly of anisotropic nanoparticles [57,
161]. The extinction spectra of the sample with nanorods shows that, with decreasing

temperature, the longitudinal plasmon peak blue shifts from 795 nm to 670 nm with a
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decrease in intensity, while the transverse plasmon peal slightly red shifts with an
increase in intensity. This result suggests that the nanorods are assembled in a side-by-
side configuration. The blue shift occurs due to the parallel alignment of dipole modes of

individual nanorods [162].
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Figure 4-2: Thermal tuning of plasmonic properties of colloidal Au nanorods. a) Au
nanorod suspension switches between a disordered and an ordered state in response
to temperature change. b) Hypothesized side-by-side alignment of Au nanorods due
to the temperature change.

As we discussed before, the surfactant molecules not only prevent aggregation but also
control their spacing and alignment configuration. There is a large tendency for rods to

assemble in a side-by-side fashion in the CTAB micellar solution due to the hypothesized
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directional face-to-face bonding interactions. The cylindrical micelles can bridge two
surfactant-capped rods via surface adsorption. The side surface of the rod is “sticky”
because of a preponderance of surfactants on the side surface comparing to the edges or
vertices [163]. The thickness of the surfactant bilayer structure is around 4.6 nm since the
molecular length of CTAB is about 2.3 nm [164]. The average length of micelle-linkers

1/3

among the particles is on the order of (kg7/Gy) . As the temperature is decreased, the

length of micelle-linker also decreases. We will discuss this quantitatively later.

To investigate the stability and reversibility of this system, the sample with nanorods is
prepared and cycled 6 times between 15 °C and 30 °C. The extinction spectra in each
cycle are plotted in Figure 4-3(a). The sample shows two different categories of nearly
overlapped curves corresponding to extinction at high and low temperatures, respectively,
indicating the well control over its assembly and great reproducibility. Figure 4-3(b)
shows the extinction intensity at 795 nm at different temperatures. 795 nm is the
longitudinal plasmon resonant frequency for isolated Au nanorods suspended in the
solution. The results demonstrate the complete reversibility of the thermoresponsive
optical switching. We also tested the assembly of gold nanorods with a relatively smaller
aspect ratio, 2.6, in micellar solution. The very similar results verify such surfactant
micelle-assisted thermoreversible system could support various types NP with different

geometries.
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Figure 4-3: a) The extinction spectra of an Au nanorod suspension during six cycles
of repeated heating (at 30 °C) and cooling (at 15 °C). b) The repeated switching of
extinction intensities at 795 nm for six cycles.

4.3.2. Thermoreversible mechanical and structural properties

The mechanical and rheological properties of such micellar solutions with plasmonic NPs
are examined to gain a better understanding of structure-properties relationship. As
shown in Figure 4-4(a), the sample with nanorods displays shear-thinning behavior as
gels. This is normally regarded as the signature of wormlike micelles that undergo flow
alignment and breakage of threadlike structures at very high shear rates. The zero shear

viscosity, which is defined as the plateau viscosity at low shear rates in the Newtonian
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regime, is larger at low temperature. The onset of shear thinning at a certain shear rate
identifies the inverse of the relaxation time. The relaxation time Ag is larger at the low

temperature.
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Figure 4-4: a) Steady state viscosity of an Au nanorod suspension in wormlike
micellar solution at different temperatures. b) Linear viscoelastic spectrum of an Au
nanorod suspension in wormlike micellar solution at different temperatures
(Storage modulus, G, cycle and loss modulus, G, triangle). Lines represent fits to
the Maxwell model.

Storage and loss moduli G and G were measured by subjecting the samples to small

amplitude oscillatory shear flow at different frequencies as shown in Figure 4-4(b). G

and G data are fitted to Maxwell model, G (0)=Gyr’w*/(1+)’re?), and

G (0)=GArw/(1+1° R )+, to determine the structural parameters and the stress
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relaxation time of the sample at two different temperatures. 7.0 term is added to G as a
high-frequency correction to the Maxwell model proportional to the limiting high-shear
viscosity in order to capture the minimum in G . The relaxation time is estimated as 1/w.,
where w, is the frequency at which G and G curves crossover. The resulting best-fit
rheological parameters are given in Table 4-1. Both plateau elastic modulus, Gy, and the
relaxation time Ar are found to increase with increasing temperature. This is consistent
with the observed increase in zero shear viscosity of the solutions noted previously, as 7o
= GoAr. At low temperature, the sample exhibits a stronger viscoelasticity. This indicates
that the entanglement density of micelles increases with decreasing temperature. This is

in qualitative agreement with the predicted scaling of mesh size shown in Table 4-1.

Table 4-1: Rheological parameters of nanorods suspension in 100 mM CTAB and
80 mM NaSal micellar solutions.

T No AR ni Go AR 1 Sm
[°C] [Pas] [s] [Pa] [s] [nm]
15 17.9 1.8 11.2 14 70.8
30 1.3 0.31 4.5 0.26 96.0

The viscoelastic wormlike micelles exhibit a hierarchy of length scale and associated
dynamics, all of which affect the resulting macroscopic material properties [165].
Temperature, among different means to tune the micelle structure, is the most feasible
and is easily to control [166]. To investigate the thermo response of the plasmonic
micellar solutions, the heating and cooling cycle (heating at 30 °C and cooling at 15 °C)
was repeated. Viscosity at a relatively small shear rate of 0.1 s™ (70.,) and G at 100 rad/s

are measured and presented in Figure 4-5(a) and (b), respectively. Both 50, and G are
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found scale with temperature which agrees with the previous observation. The initial
solution is kept at 30 °C, so the apparent viscosity is maintained around 1-1.5 Pa-s. When
the temperature is decreased from 30 °C to 15 °C, 7o, grows gradually to ~ 19 Pa-s,
which is almost 20 times that at 30 °C. During heating back to 30 °C, 7o, regresses. G

can also be controlled by adjusting the external temperature.
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Figure 4-5: The thermoreversible rheological response of a plasmonic micellar
solution. The temperature is controlled via a preset procedure and the resulting

viscosity at a shear rate of 0.1 57, 101 and the apparent elastic modulus G are
recorded as a function of time.
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Although there is a slight change in 70, and G as the cycle repeated, possibly due to the
hysteresis effect, the plasmonic micellar solution exhibits almost perfect thermo
reversibility between 15 °C and 30 °C. The variation in rheological behavior is normally
attributed to the micellar structural changes. These underlying micellar structural changes

consequently affect the alignment and the assembly structures of the plasmonic NPs.

The mesoscale structure of a nanoparticle mediated micelle network is illustrated in
Figure 4-6. It has three characteristic length scales: the overall contour length, Lc,
entanglement length, L., and the mesh size of the network, &y. The entanglement length
for a semi-flexible micelle chains can be expressed as L. = &MS/ 3/Lp2/ 3, where L, is the
persistence length which usually is considered as a temperature independent parameter
[167]. The micelle contour length scale follows Lc ~ exp(1/7). Thus, as temperature
decreases, the value of L¢ increases. However, the mesh size &y and entanglement length
become smaller. The entanglement number for micelles defined as L¢/L. also increases.
This leads to a decrease in the interparticle distance and an increase in the network
density and viscoelasticity as we observed from our experiments, which is in agreement

with the predictions from Cates’ theory [87].
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Figure 4—6: Illustration of a nanoparticle mediated entangled micellar network and
associated length scales.

The interparticle distance can be determined by the mesh size of the network structure. In
Figure 4-7, we plot plasmon resonance peak intensity at 795 nm (l70s), G at 100 rad/s,
and calculated mesh size &y as a function of temperature for the plasmonic micellar
solution with Au nanorods. Clearly, the mesh size and the peak intensity exhibit
qualitatively quite similar trend. The results further confirmed the relationship between
microstructure and optical properties of such plasmonic micellar solutions with metallic

nanoparticles.
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Figure 4-7: a) The relationship between extinction intensity at 795 nm and elastic
modulus of a Au nanorods plasmonic micellar sample as a function of temperature.
b) The relationship between extinction intensity at 795 nm and the calculated mesh
size of entangled nanoparticle-mediated network as a function of temperature.

4.4. Conclusions

Optical absorption due to surface plasmon resonances in assembly of Au NPs depends
strongly on the particle separation and orientation. In this work, we have studied

thermoresponsive structure, optical and mechanical properties of the isotropic and

Temperature (°C)
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anisotropic Au NPs in the surfactant micellar solutions. In addition to their role in
assembling NPs, surfactant micelles can be used to control interparticle distances and
assembly shapes. We demonstrate that the optical absorption could be reversibly tuned by
controlling the temperature of the nanoparticle suspension. The thermoreversible
assembly of Au NPs is made possible by the temperature dependence in the micelle

entanglement network structure.

NP and cylindrical micelles can self-assemble into a NP-mediated network in an aqueous
solution with a mesh size dimension on order of (kg7/ Go)l/ 3 , which can be determined via
rheological measurement. The surface of NP is covered by a bilayer of surfactant
molecules, which prevents them from aggregation or phase separation. For isotropic NPs,
the plasmonic optical properties relied majorly relied on the mesh size. For anisotropic
NPs, the optical properties relied on not only mesh size but also the particle alignment.
The side-by-side nanorods alignment can be triggered by reducing the temperature due to
the preponderance of surfactants on the side surface of the nanorod. The mesh

size/interparticle distance is thermoreversible as demonstrated in this work.

This chapter shows that the optically active materials with tunable structure morphologies
could be simply fabricated by self-assembling surfactant micelles and metallic NP in the
aqueous solution. The self-assembly route described in this paper is a scalable room
temperature process and does not rely on specific chemical interactions. It is also
applicable to variety of metals and shapes. Such self-assembled nanomaterials have
potential diverse applications in temperature sensing, reconfigurable optical devices, and

plasmonic interfaces manufacturing.
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Chapter S

Applications of Plasmonic Nanofluids

In previous chapters, we discussed the optical, rheological and structural properties of
surfactant micelle based nanofluids. In this chapter, we focus on the application of such
fluids to different fields. There is much scope for transferring such plasmonic optical
properties from solution to create robust light trapping interfaces for various applications
such as solar energy harvesting, smart glasses with tunable optical properties, and
plasmon-enhanced biomass production. Further, the plasmonic fluids could also be used

to develop reconfigurable plasmonic devices using the optofluidics technology.
5.1. Plasmonic Solar Cells

The key aim of photovoltaics in manufacturing of solar cells is to reduce production costs
in order to compete with other forms of power generation. Currently 90% of the solar cell
market is based on crystalline silicon wafers, with thickness of 200~300 um. The silicon
material itself contributes around 60% of the overall solar cell costs. Thin-film silicon
(Si) solar cells reduce the material cost of photovoltaics (PV) systems and offer a means
to more affordable renewable energy production. Thin film silicon PVs have an average

cell thickness of 300-500 nm as compared to 200~500 um for bulk crystalline Silicon (c-

" The work presented in this section is done in collaboration with Miriam Israelowitz and
Dr. Jennifer Amey.
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Si) ones [168]. However, the major disadvantage of thin film Si PVs is the relatively low
efficiency of light to power conversion due to the fact that silicon is not a good light
absorber and the reduced optical path length of the thin film. Currently, the best research
cell efficiencies recorded for thin-film single junction amorphous Si is 13.4% compared

with bulk c-Si of 27.6% [ 43]. Therefore, in order to optimize the cell efficiency of thin

film Si PVs, efficient broadband light trapping technologies need to be integrated into the
device design and manufacturing process. A new method for increasing the light
absorption that has emerged recently is the use of scattering from noble metallic NPs
excited at their surface plasmon resonance. Metallic NP coatings can be tailored to create
plasmonic interfaces on Si thin film PVs to efficiently absorb light or scatter light at large
angles into the underlying semiconducting layer and increase the optical path length.
There are two fundamental mechanisms proposed to explain how the NPs lengthen the
optical path in thin film PVs. First, when the NP diameter is significantly smaller than the
wavelength of the incident light, the optical field characteristics of the particle can be
approximated as a point dipole, which can re-radiate the light acting as a powerful
scattering element [42, 95]. As mentioned in Chapter 1, for a NP with complex
permittivity ¢, embedded in a homogenous medium with permittivity en, depending on
the particle volume ¥ and the incident wavelength 4, the effective scattering cross section
can be much larger than the physical cross section of the particle. When g,= —2¢,,, the
bulk plasmon resonance occurs, for which the scattering cross section increases
dramatically. As instance, at the surface plasmon resonance for a Ag NP, the scattering
cross section is about 10x the cross-section of the NP. Second, a dipole nearby a planar

interface of higher optical density can strongly couple evanescent waves otherwise lost,
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resulting in near field light concentration [169]. A dipole can be modeled as the
superposition of its propagating and evanescent waves [169, 170]. Propagating waves
transmitted into the dielectric will do so at angles less than the critical angle of the
dielectric boundary. Conversely, evanescent waves transmitted into a dielectric will
propagate at angles greater than the critical angle [171]. The power of the radiation from
evanescent sources decreases exponentially depending on the distance of the dipole from
the surface. The scattering of light by a NP shows a symmetric radiation pattern when
embedded in a homogenous material. However, this pattern changes when brought into
the vicinity of a dielectric surface, in which the light will scatter primarily into the
dielectric of larger permittivity. The fraction of incident light scattered into the substrate

using a dipole near a dielectric interface could be as large as 96% [42].

Light trapping and photocurrent enhancement (PE) by plasmonic interfaces have been
well documented in literature. There have been several methods reported in literature to
create such plasmonic interfaces, for example, electron beam lithography [44], thermal
evaporation [46], nanoimprinting lithography [47], and ns and fs pulsed laser pattering of
ultra-thin films [48, 172]. However, these methods create only a limited range of particle
sizes/shapes and are difficult to be integrated into current Si wafer manufacturing
process. Thermal evaporation and annealing process are energy intensive and hence are
lack of scalability [36, 44, 173]. Conversely, synthesis of plasmonic NPs using wet
chemistry methods offers much greater control over particle size, shape, mono-dispersity,

and surface chemistry [174, 175]. Subsequently, manufacturing plasmonic interfaces

from NP suspensions or plasmonic fluids using wet chemistry methods could offer robust

and controllable means for tailoring plasmonic interfaces with desired optical properties
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[85, 176]. Herein, we report a cost-effective and scalable room temperature/pressure
nanomanufacturing process based on a spin-coating technique to create broadband light
trapping plasmonic interfaces on silicon-on-insulator (SOI) devices. The interfaces
manufactured in this study are shown to enhance photocurrent in thin film SOI devices by

up to 200%.

5.1.1. Experimental

All chemicals were purchased from Sigma-Aldrich and used as received unless otherwise
stated. SOI wafers were obtained from University Wafer Inc. The device contacts were
fabricated using sputter coating and scanning electron microscopy (SEM) pictures were

taken using a Zeiss Ultra 55 at Cornell NanoScale & Technology Facility.

Preparation of SOI devices: SOI cells were used to measure the NP effects on
photocurrent. SOI cells are simple devices that have an accessible open surface that
enable easy monolayer coverage of NPs close to the c-Si active layer within a few
nanometers. The wafer was cleaned using a buffered oxide etch (BOE) to remove the top
native SiO; layer and any other residual contaminations. Ohmic finger contacts were used
as contacts for the SOI cell. A mask was used to add Imm x 10mm aluminum contact
pairs with a finger distance of 1 mm using thermal vapor deposition and the contacts
were deposited to a thickness of 35nm. The wafer was allowed to rest for a minimum of
four hours in standard atmospheric conditions to let the native SiO; regrow on the top
active layer. The wafer was a bonded c-Si n-type wafer, doped with Phosphorous and a
resist of 1-10 Q-cm. N-type c-Si was found to be easier to use in our application since

electron carriers offer more mobility than p-type electron holes. In true thin film a-Si
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solar cells the a-Si active layer is thinner than many commercially available SOI wafers,
however SOI wafers are thin enough to approximate the actual active device thickness. In
our case the ¢-Si SOI active layer was ~3-4 times thicker than the active layer of standard

thin film solar cells.

Preparation of silver ink solutions: A series of ethanol solutions containing ethylene
glycol capped Ag NPs (10, 5, 1, 0.5, 0.2, 0.1, 0.05, 0.01% w/v) were prepared from a
stock solution of the exact same materials (20% w/v). Dynamic light scattering (DLS)
measurements showed an average particle size, d=39.7 = 1.1 nm. Ethanol was chosen as a
diluting agent because of its relatively high volatility, and ability to dry off of a surface
quickly after being deposited without leaving residues that may block light and suppress

current.

Preparation of plasmonic interfaces: In all experiments, the bare SOI device was
placed into a spin coater and vacuum applied. The speed of the spin coater was ramped
from 0 to 8000 rpm over a time period of 30 seconds. During the spinning speeds of
2000-8000 rpm, a solution of colloidal particles (300 ul) was deposited onto the bare SOI
device using an eppendorf micropipette, one drop at a time in a continual fashion. After
the total volume of solution was deposited, the coated SOI device was left to spin at 8000

rpm and dried under vacuum for an additional 29.5 minutes.

Photocurrent measurements: The SOI device has a single doped n-type c-Si layer that
does not have an inherent device open voltage shown in Figure 5-1(a). An electrical
gradient was applied to the SOI contact pairs to simulate the solar cell built in voltage and

induce the short circuit current when exposed to illumination. A tunable step-motor
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monochromator irradiated the light at discrete wavelengths from 400 to 1000 nm as seen
in Figure 5-1(b). The light source was a halogen lamp under non-AM 1.5 standard
conditions. The irradiance larger than 1000 nm had very low power, and thus was
difficult to discern from noise. The beam was directed to an optical microscope and
focused on the sample and reference using an internal beam splitter. A bias of 0.05V was
applied to the contact pairs using a pre-amplifier that stimulated a horizontal electrical
gradient across the top n-type c-Si active layer. The induced current was measured via
probes using the same pre-amplifier across the contacts. The signal was extracted using a
lock in amplifier and sent to the control computer. The short circuit current was recorded
as a function of wavelength over the contact area using the analysis computer. The
current response for the SOI device was recorded several times on each sample at
different points on the contacts and averaged to get the overall response. The uncoated
device was first measured to get the relative current. Immediately after the bare surface
measurement, the Ag NPs were deposited via spin coating and dried. As little time as
possible was left between the measurements to be sure the collector time variation was

small.

5.1.2. Results and discussion

SOI wafers with a 2 um n-type crystalline silicon (c-Si) active layer are used to measure
the PE caused by the spin coated Ag NPs. A schematic representation of the structure of
the SOI device is shown in Figure 5-1(a). The structure of the wafer consisted of a neutral
Si substrate of 625 um thickness, a buried oxide layer of 1um thickness, and a top c-Si
n-type layer of 2 um thickness. The samples were irradiated at discrete wavelengths and

the resulting photocurrent is measured and recorded by a current collector as shown in
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Figure 5-1(b). Silicon has a bandgap of about 1100 nm. The absorption range for the 2
um thick SOI device is 400-1000 nm. All samples showed the same shifted interference
fringe pattern at wavelengths larger than 700 nm because of transmission and reflection

interference within the thin c-Si active layer [95, 177].

Figure 5-2 shows the relative current responses for eight different Ag NP concentrations
in the range of 0.01-10% w/v. For Ag NP concentrations (Cy) in the range of 0.01-0.1%
w/v, the PE shows small peaks at A ~ 475 and 750 nm, corresponding to the bulk
plasmon resonance peak of Ag in Si0, and Si, respectively. For Ag NP concentrations in
the range of 1-10% w/v, the recorded PE curves show substantial red shifting. For A
between 400 nm to 525 nm, PE decreases, but it quickly increases for A beyond 525 nm.
Because the curve cannot be shifted past 1100 nm, red shifting of the bulk plasmon
resonance results in the observed narrowing of the spectrum. The greatest overall PE is
observed for coatings fabricated from a Ag NP solution with concentration of 0.1%. We
plot PE as a function of Cy in Figure 5-3, which shows that PE increases with increasing
Cy until up to Cy = 0.1% w/v. In this concentration regime, the coating consists of well-
separated particles as confirmed by SEM shown in Figure 5-4(a). Further increase in Cy
results in a substantial reduction in PE. This observed behavior in PE can be understood
based on the changes in the surface coverage ¢ and surface morphology of plasmonic
interfaces fabricated by spin-coating as a function of particle concentration in the feed
solution. In addition, we utilize theoretical models for the optical response of particle

strings and clusters to understand the observed PE-morphology relationship [52, 162].
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Figure 5-1: (a) Schematic of the SOI device with nanoparticles. The ohmic
aluminum contacts were deposited using thermal evaporation. Probes were used to
apply a bias to the contacts. The nanoparticles were deposited through spin-coating.
(b) Experimental current collector schematic.
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Figure 5-2: Photocurrent response of (a) 0.01%, (b) 0.05%, (¢) 0.1%, (d) 0.2%, (e)
0.5%, (f) 1%, (g) 5%, and (h) 10% wt./vol. Ag nano ink coatings. The bare SOI
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Figure 5-3: Silver ink solution wt./vol. vs. overall photocurrent enhancement. Error
bars show the standard error for the measurements.
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The morphological features and ¢ of the coatings were determined by using SEM. Figure
5-4(a) shows the SEM images for coatings created from Ag nano-ink solutions with Cx =
0.1, 1, 5, and 10% w/v. As seen in Figure 5-2, the greatest overall PE occurs for Cy =0.1
% w/v (¢ = 7%). For a 40 nm Ag NP, the scattering cross-section area is about 13 times
cross section of NP. This is in good agreement with the experimental observation that ¢ =
7% shows the greatest overall PE, in which case that there is limited plasmon scattering
coupling and the total scattering is maximized. For low ¢, as shown in Figure 5-4 (a, i),
the particles are well-separated and the scattering cross section can be calculated by Mie
theory. Further, since there is limited interaction among the particles, the total scattered
flux will increase linearly with increasing ¢. However, at higher particle concentrations,
particles tend to aggregate. This aggregation can be explained based on the dynamics of
the spin-coating process. Spin-coating results in the formation of a thin layer of fluid in
which particles are embedded. As the fluid film evaporates, attractive capillary forces can

pull the particles closer to one another [178].

As the particle concentration increases, the initial inter-particle distance in the fluid film
decreases. During the drying process, the inter-particle distance becomes close to particle
diameter. The optical properties of clusters and strings can be understood by examining
the inter-particle distances. When two metallic particles are within close proximity of
each other, each individual particle unit forms a charge distribution of end-to-end dipoles
[52, 162]. Linear chains of NPs act as a single dipole and the resultant effect is a red-
shifting of the bulk plasmon resonance, which can be explained by the hybridization
theory [52, 162]. Specifically, the conducting electrons in the metal NPs may be modeled

as a hybrid fluid form of electron density with a unique dielectric constant. As the inter-
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particle distance decreases, the hybridization effect and the red-shifting of the bulk

resonance plasmon mode become more pronounced as discussed in Section 1.2.3.

b

.h
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Figure 5—4: (a) SEM images of (1) 0.1%, (2) 1%, (3) 5%, and (4) 10% w/v solutions
on SOI wafer. (b) SEM of 1% w/v Ag solution on SOI with example strings (red)
and clusters (yellow) colorized. All scale bars are 200 nm.

When particles are not in a linear formation, the dipoles no longer align end-to-end.
Instead, the inter-particle interactions arise from multiple spatial directions and multi-
poles are induced within the individual particles. Multi-poles are inefficient radiators, and

have much lower absorption and scattering strengths compared to single particles [ 179].
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Multi-poles also induce a separate bulk plasmon resonance peak that is different from the
dipole peak, which becomes more distinct and disperse as more particles are added to the
cluster. Clusters are extremely sensitive to light polarization and geometric arrangements.
Super-radiant (dipole) and sub-radiant (multi-pole) modes form separate resonance peaks
that quickly separate and diminish in intensity as the cluster gets larger because of
destructive interference. The super-radiant plasmon mode always red-shifts, while the
sub-radiant modes either show a slight-blue shift or no shift at all [52, 162]. This effect
has been seen in both aggregates of NPs in solution and also in large, extended close

packed disordered and ordered NP interfaces [52, 162].

Particle aggregates on the SOI devices after drying process are shown in Figure 5-4 (a ii-
iv) for Cx = 1%. They are classified into strings (red) and clusters (yellow) and
highlighted in Figure 5-4(b). Specifically, a string is defined to be an approximately
linear aggregate of three or more particles. A cluster is defined to be a non-linear
aggregate of four or more particles where each particle has two or more neighbors within
a single particle diameter. In Figure 5-2, the PE for Cx = 0.1% w/v shows a uniform
broadband response. The only noticeable peaks are observed in the PE spectrum are
resonances from Ag in SiO, and Si. As the coatings become denser and particle
aggregation occurs, the PE spectrum exhibits shifting of responses into the red band. The
red-shifting narrows the overall bandwidth of PE since there is no absorbance above the
bandgap wavelength of c-Si. The net result of the narrowing of the bandwidth is a
reduction in PE. Irrespective of the morphology of the aggregates, i.e., whether they are

strings or clusters, they exhibit strong multi-pole/plasmon coupling characteristics, thus

reducing the overall enhancement. As strings get longer and clusters get larger, the red
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shifting becomes more pronounced as the bulk plasmon resonance peak bandwidths
narrow, with the 10% w/v solution producing the largest red shift. Figure 5-5 shows that
¢ as well as the number of strings and clusters as a function of particle concentration in
the feed solution. The surface coverage first increases with increasing Cx and appears to
approach a plateau for higher Cx possibly due to the formation of multilayered
aggregates. The number of string and clusters grows with increasing particle
concentration for Cy < 1% w/v. As Cy is further increased, the rate of formation of
aggregates decreases at the expense of having larger clusters and strings. This results in

the saturation in the number of strings and clusters for Cx between 5% and 10% solution

w/v. The larger aggregates are detrimental to PE as seen in Figure 5-3.
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Figure 5-5: Silver solution w/v vs. the 40 nm particle surface coverage (black line)
and number of particle formations. The number of clusters (red line) and the
number of strings (blue line) are shown per pmz.
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5.1.3. Conclusions

Chemically synthesized Ag NPs have been spin-coated onto a SOI device to fabricate
light harvesting plasmonic interfaces, resulting in PE of up to 200%. The relationship
between PE and interface morphology has been systematically studied. Specifically, we
have shown the existence of an optimal window in the surface coverage of the particles
(~7%) for which PE is maximally enhanced. This optimal range corresponds to an
interface morphology that consists of well-separated particles that can be treated as
individual scattering elements. Hence, the PE increases linearly with increasing ¢ until
the optimal range is reached. In this regime the increases in PE and the scattering
efficiency with increasing particle volume follow the same trend. Further increase in
particle concentration beyond the optimal range results in particle aggregation into
clusters and strings, both of which red shift and narrows the PE spectrum, causing a

decrease in the overall PE.

Our approach leverages the extensive knowledge base that exists on the chemical
synthesis of NPs with admirable control on their size, shape and architecture [180]. Once
NPs with tailored optical properties are synthesized, spin-coating offers a cost-effective
and robust means to transfer them from solution to the substrate. Evaporation of the
solvent occurs at room temperature, thus obviating additional energy-intensive steps. This
simple nanomanufacturing route to creating plasmonic interfaces on SOI devices
presented in this paper paves way to future research to explore the effect of evanescent
wave source propagation as the particle distance from the surface could be controlled
through shell thickness. Finally, Ag NP coatings can provide relatively inexpensive

means to broadband light harvesting especially if the resulting PE is sufficiently large to
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offset the material (~$1/m”) and manufacturing costs. This works clearly demonstrates
that by tailoring the interface morphologies through optimizing particle and process
parameters the quantum efficiencies could be tripled, a finding that motivates future
translational research on integration of such plasmonic layers into thin film Si

architectures.
5.2. Plasmon-Enhanced Microalgal Growth in Photobioreactors’

Biodiesel as an alternative to fossil diesel is produced via transesterification of oils.
Feedstock of biodiesel can be obtained through various renewable resources. Algal
biofuels provide one of the most viable options for biofuel production because growing
of algae has no competition for cultivable land. Two major components impacting algal
growth are proper mixing for uniform illumination and nutrient contact. The light
distribution within current photobioreactors is generally poor because the light source
cannot be placed close to the reactors. Uniform and sustainable illumination of the
photobioreactor is still a major challenge and seriously limits the light conversion
efficiency of conventional photobioreactors [181] for example, open-to-air pond reactors

and closed-systems tube reactors [182, 183].

The most recent approach used towards maximizing algal culture illumination is a
method that exploits localized surface plasmon resonance (LSPR) of metallic NPs by
Torkamani et al. [37]. Strong backscattering of blue light from silver nanoparticle
suspensions in a miniature microalgal photobioreactor was shown to increase

photosynthetic activity of algal cultures to result in almost 30% in the growth of

" The work presented in this section is done in collaboration with Bendy Estime.

93



Chlamydomonas reiinhardtii and Cyanothece. Algal growth requires incident light to
possess both optimal wavelength and sufficient intensity. Green microalgae, such as
Chlamydomonas reiinhardtii, have photoactive pigments that harvest light only in the
blue and red regime of the spectrum [184], while wavelengths between 520 to 680 nm
may cause photo-inhibition [185, 186]. In this experimental set up, by controlling the
concentration and size of the silver nanoparticles, light flux can be tuned to avoid photo-
inhibition. Additionally, the wavelength of the light can be engineered by using different
types nanoparticles to optimize wavelength preferred by different algal species. Since the
nanoparticle suspensions are confined and not dispersed within the culture medium, they
can be reused safely, therefore reducing the cost of the nanomaterials over a finite period

of time. The experimental set-up for algal growth using this technology is represented in

Figure 5-6.
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Figure 5-6: Schematic of mini-photobioreactor using silver nanoparticles
(Reprinted with permission from ref [37]. Copyright 2010 American Institute of
Physics).

However, scaling up of this system, which consisting of unstable NP suspension with

short shelf life is still a challenge. Several studies have been done to address this issue

recently by means of modifying the bioreactor surfaces. In one recent study by Jung et al.
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[187] a novel optofluidic photobioreactor was designed to culture photosynthetic
microorganisms utilizing the evanescent field of the guided light. Specifically, an
evanescent field is generated and is delivered directly into the photosynthetic machinery
near the surface of the organism by using a waveguiding structure made from a cover
slip. A 6 tol2 fold improvement in volumetric productivity could be achieved compared
with traditional photobioreactors according to the authors. In another study by Ooms et
al. [188], plasmon enhanced evanescent fields are used to culture cyanobacteria cells and
biofilms. A 50 nm gold coated microscope slide was used as the waveguiding structure in
this study generating a 2% increase in biomass volume accumulation was generated than
that in control experiments with direct light over the same period of time. In above work,
a laser was used as a light source to ease the experimental set-up. However, sunlight or
broadband illumination could be coupled into the carefully designed plasmonic
waveguides [189, 190]. All these pioneering work demonstrate incorporation of
nanotechnology into the photobioreactor for improving light distribution and reducing

photo-inhibition.

In this section, we report the ex-situ synthesis of polyvinyl alcohol-NP nanofilms with
tunable optical properties depending on the types of incorporated NPs. PVA is easily
processable, and has good film forming and adhesive nature for applications in optical
coating and opto-electronic devices [191]. We also demonstrated that the flexible PVA-
NP nanofilms manufactured in this work could be easily adapted to photobioreactors and

boost algae growth by more than 30%.
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5.2.1. Experimental

All chemicals were purchased from Sigma-Aldrich and used as received unless otherwise
stated. Ag NPs were synthesized by using sodium borohydride (NaBH4) as a reducing
agent for silver nitrate (AgNO;) [192]. A 10 mL of 1.0 mM AgNOs was added drop wise
(1 drop/second) to 30 mL of 2.0 mM NaBHy,4 solution that had been chilled in an ice bath
for 20 min. The reaction mixture was stirred vigorously on a magnetic stir plate. The
solution turned light yellow after the addition of 2 mL of AgNOs and a brighter yellow
when all of the AgNOs had been added. The clear yellow spherical silver nanoparticle
solution is stable at room temperature for as long as several days. Gold nanospheres and

nanorods were synthesized using the same methods as stated in Chapter 4 [155, 156].

Synthesis of PVA-NP nanoflims: PVA is highly soluble in water, biologically friendly,
processing low cytotoxicity, can be easily processed and its high transmittance makes it a
good matrix of polymer films. A schematic of the nanofilm manufacturing process is
shown in Figure 5-7(a). PVA was dissolved in the desired nanoparticle solution while
heating and stirring to obtain a 5 wt.% PV A homogeneous solution. Then final solution
was transferred into the petri dish and annealed at 80 °C for 45 minutes to cast the film.
After water evaporation, the NPs were uniformly embedded into the PVA matrix. The
thickness of the film could be controlled by the PVA concentration. The resulting PVA-

NP nanofilm was peeled off from the petri dish for characterization.

Photobioreactor: We conducted the experiments by using Chlamydomonas Reinhardtii
ccl036, growing in conical flask bioreactors. Two different experimental setups were

used. One with the plasmonic nanofilm wrapped at the bottom and the other one without
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the nanofilm as shown in Figure 5-7(b). The bottom of both flask photobioreactors were
covered with black tape to make sure that light is incident only from the top of the
culture. Same volumes of Chlamydomonas Reinhardtii cc1036 growing in the TAP
medium were added to the reactors. The reactors were placed above a shaker set at 100
RPM. The culture was illuminated by fluorescent bulbs and the temperature was

maintained at 20 + 1 °C.
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Figure 5-7: (a) Schematic representation of PVA-NP nanofilms manufacturing
process. (b) Schematic of nanofilms wrapped photobioreactor and a photo of
experimental setup.

5.2.2. Results and discussion

The UV-Vis absorption spectra of PVA-NP films containing single and multiple
nanoparticle components are given in Figure 5-8. As mentioned in previous chapters, the
plasmon resonant peak of metal NP can be influenced by several factors, e.g., the

effective dielectric function of the metal particle, size, shape and volume fraction of the
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particle, and the dielectric function of surrounding environment [95]. The color and
optical properties of PVA films with randomly distributed NPs resemble those of the NP
precursor suspensions. The film with Ag sphere NPs and Au sphere NPs exhibits a single
plasmon resonant peak at ~410 nm and ~520 as shown in Figure 5-8(a) and (b),
respectively. The PVA film with Au nanorods exhibits two plasmon resonant peaks at
~520 nm and ~780 nm, which corresponding to transverse (short axis) and longitudinal
(long axis) dimensions as shown in Figure 5-8(d). These spectra suggest that NPs are
uniformly distributed in the PVA matrix without significant agglomeration. The single
dipolar resonance of the spherical small particles would split into two or more

nondegenerate plasmon modes that differ by their oscillation directions for larger clusters.
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Figure 5-8: Extinction spectra of flexible plasmonic nanofilms containing different
types of nanoparticles. (a) Ag nanospheres; (b) Au nanospheres; (¢) Au and Ag
nanospheres; (d) Au nanorods; (e) a mixture of four types of nanoparticles.

The absorbance increases linearly with concentration for relatively low NP
concentrations. In addition, no agglomeration has been observed at the NP concentration
used in current experiments. Hence, the addition of multiple species of NPs resulted in an
absorbance spectrum, which will be a linear superposition of the individual spectra as
demonstrated in Figure 5-8(c). The sample shows two plasmon resonant peaks at ~410
and ~520 nm, which correspond to the plasmon resonance of silver and gold sphere NPs.
The relative intensity ratio of these two peaks could be tuned by varying the initial Au to

Ag NP concentration ratio in the solution. Figure 5-8(e) shows the broadband extinction
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spectra of PVA film with multicomponent NPs. It exhibits fours peaks at ~410 nm, ~520
nm, ~640 nm and ~810 nm. The last two peaks are due to the addition of two types of Au
nanorods with a small aspect ratio of 2 and a large aspect ratio of 4. Compared with other
types plasmonic broadband absorbers, whose fabrication process typically involved
thermal evaporation, E-beam lithography and ultrasonication processes [193], our low
cost PVA based nanofilms manufacturing technique can be easily scaled-up. Furthermore,
the optical properties of such PVA-NP nanofilms can be easily tuned by suitable mixing
different type NPs in the solution. The existing technique is to use E-beam lithography to
define the nanostructure of top metal layer. Such films can also be applied as optical

filters over the entire visible-infrared spectrum [68].

Resonant interactions of light (photons) and surface plasmons can be used to amplify
light absorption/scattering at specific wavelengths. PVA-Ag nanofilms were wrapped at
the bottom of the photobioreactor to demonstrate plasmon enhanced microalgal growth.
Strong backscattering of blue light from PVA-Ag nanofilm to a microalgal culture of
Chlamydomonas Reinhardtii enhances its photosynthetic activity, while photoinhibition
can be avoided. The microalgae growth was monitored by taking optical density
measurements at 675 nm (ODg7s) at regular intervals, on the two different
photobioreactors. As shown in Figure 5-9, during the first 4 days, the microalgae is in the
lag phase. It is a period where the microalgae adapt themselves to growth conditions.
After an incubation time of about 5 days, exponential phase is observed. Significant
growth activity was observed both without and in the presence of the PVA-Ag nanofilm,
that is from OD = 0.09 to a maximum of 0.24 (without nanofilm) and 0.32 (with

nanofilm), respectively, after 13-14 days. This corresponds to an increase of ~30% in
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terms of biomass production when the nanofilm is employed. The microalgae optical
density of 0.24 was achieved about 5 days earlier in the system, which was equipped with

PVA-Ag nanofilm.
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Figure 5-9: Experimentally observed algae concentration as a function of time. The
inset shows photograph of the cultured algae species C. Reinhardtii in
photobioreactor with (left) and without (right) plasmonic nanofilm after 15 days.

5.2.3. Conclusions

Plasmonic nanofilms are manufactured by uniformly embedding metallic NPs into PVA
films through ex situ method. Single PVA-NP nanofilms show localized optical
properties and multicomponent PVA-NP nanofilms show multiple wavelength or
broadband optical properties. All the nanofilms display exceptional color uniformity.
Their spectral response can be robustly tuned by varying the species, shape and

concentration of the NPs.
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We have demonstrated that the use of PVA-Ag NP nanofilms as wavelength-specific
backscattering devices in flask photobioreactors can significantly promote the growth of
photosynthetic microalgae. In these experiments, the faster growth rate is assisted by
enhancement of the incident light in the blue region of the spectrum. In this
demonstration, we chose the Ag NPs for scattering blue light because it contains higher
light energy under a constant photo flux. However, backscattering in the red region (600-
700 nm) can be facilitated by using Au nanorods or core-shell structure NPs [96]. It is
feasible to mix Ag NPs with Au nanorods homogeneously in PVA to produce
backscattering nanofilms in both blue and red regions of the spectrum to achieve higher
biomass growth rates. Unlike using NP suspensions, which are unstable and non-reusable,
PV A-NP nanofilms have long shelf life; can be used safely multiple times. The nanofilms
can straightforwardly be implemented into almost any reactor design. We envision that
this technology can be applied in large-scale microalgal photobioreactors aimed at
harvesting algal biomass for the sustainable production of biofuels and other valuable

chemicals.

5.3. Optofluidic Devices

Optofluidics is a research and technology area that combines the advantages of
microfluidics and optics, which has found applications in many fields, such as display
technologies [194], biosensors [195, 196], lab-on-chip devices [197], reconfigurable
lenses [198, 199], molecular imaging tools [200, 201], photocatalysis [202] and energy
harvesting [37, 203]. The advantages of optofluidics include the ability to change the
optical property of the fluid medium within a device by replacing one fluid with another,

creation of optically smooth interfaces between two immiscible fluids and the ability of
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flowing streams of miscible fluids to create gradients in optical properties by diffusion
[39]. Growth in this area has been driven by the progress in the modeling and handling of
fluid systems at the micro to nanometer scale, which leverages the fabrication techniques,
originally developed for integrated circuits and microelectromechanical systems. NP
suspensions offer important advantages to optofluidic systems since the NP type, shape

and concentration can be used to tailor the optical properties of the suspension [204].

Liquid metal NP suspensions can potentially be employed as optical filters in
photovoltaic/thermal (PV/T) solar energy harvesting systems due to its enhanced thermal
conductivity, convective heat transfer coefficient and solar light absorption [68]. Very
small particle volume fraction (< 10™) is needed to create these filters to achieve the best
solar weighted efficiency, 76.1%. However, preparation of a homogeneous suspension
remains a technical challenge since the nanoparticles always form aggregates due to very

strong van der Waals interactions in aqueous solution.

In this section, we conducted microfluidic experiments on the plasmonic nanogels with
the objective of identifying the relationship between the applied flow shear and the
underlying optical properties of the nanogels. Plasmonic nanogels can be treated as a

3 Here

micelle-nanoparticle assembly with a network/mesh size on the order of (ky,77/Gy)
Gy is the plateau storage modulus and k, and 7 are the Boltzmann constant and absolute
temperature, respectively, as we discussed in previous chapters. The assembly of
plasmonic NPs into secondary structures could induce near field coupling of surface
plasmons among adjacent particles and consequently, new optical properties, such as

shift or broadening of the plasmon resonance peak with reduced intensity, and generation

of an additional plasmon coupling peak at the long wavelength shoulder of the
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fundamental plasmon peak can be obtained [205, 206]. The change in the surface
plasmon resonance spectral peak is often utilized to design effective sensing or
molecular-level detection devices [207]. In the microfluidic channel the deformation rate

y can be expressed as y ~ U/D ~ Q/D*W, where U is a characteristic velocity of the flow

which can be determined from the volumetric flow rate O, D and W are the depth and
width of the microchannel, respectively. At the high deformation rates, the network
structure could break leading to a decrease in viscosity as well as a disassemble process
of NPs and micellar chains. The breakage of the NP secondary structure results in a
weakening of the plasmon resonance coupling effect and a change of the properties of
their surroundings. These structural changes alter optical properties of the plasmonic
nanofluids. Due to the small dimensions of the microchannel, the Reynolds number (Re =
DUp/u, where p is the fluid medium density and u is the dynamic viscosity of the fluid) is
usually much less than 10, often less than 1.0 depending on the flow rate in our
experiment. In this Re regime, flow is completely laminar and no turbulence occurs,
while the Re of more than 1000 corresponds to the turbulent regime. Laminar flow
provides a means by which molecules can be transported in a relatively predictable
manner through the microchannel. The optical properties of such plasmonic nanogels
used in this study can be changed by simply replacing one fluid with another or by

changing the flow rates, which is a highly desired property in optofluidic research.
5.3.1. Experimental

The surfactant CTAB, the organic salt NaSal and Ag NPs with an average diameter of 35
nm, available as a 10% w/w suspension in ethylene glycol, were purchased from Sigma

Aldrich. Micelle solution with surfactant concentration Cp = 0.05 M and salt to surfactant
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molar ratio R = Cs/Cp = 0.4 was prepared by mixing the powdered surfactant and salt
with deionized water (resistance >18.2 MQ-cm). Samples containing NPs were prepared
by adding desired amount of the particulate suspension into the CTAB/NaSal micellar
solutions followed by vortex mixing. All solutions were equilibrated at room temperature
(25 °C) for 24 hours without further purification before performing the rheological and
optical measurements. Poly(methyl methacrylate) (PMMA) microfluidic chips with
straight channel were provided by LabSmith, Inc. (Livermore, CA). Channels are ~20 pum
deep and ~800 um wide as shown in Figure 5-10. The depth of the channel has to be at
least 14 times larger than the diameter of the nanoparticle (D > 14d) to rule out inertial
migration phenomenon of particles. Channels were rinsed for 10 min with ethanol and DI

water and purged with vacuum after each test.
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Figure 5-10: (a) Microfluidic channel fabricated by PMMA. (b) Schematic
representation of the microfluidic channel. (c) Magnified view of the region within
the channel where the UV-Vis spectrometer with an integrated optical fiber is
located to record the optical signal.
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Rheological experiments were carried out using a TA instruments AR-G2 constant stress
and strain rheometer, using a cone and plate geometry with a diameter of 40 mm. The
temperature was controlled at 25 °C by a Peltier plate. The overall microfluidic
experiment set-up is illustrated in Figure 5-10. Medical-grade syringes with a 1 mL or
SmL volume (BD) were used to inject the plasmonic nanogel into a microchannel. A
Cole-Parmer syringe pump was used to adjust the flow rates. Experiments were carried
out at flow rates ranging from 0.001 mLh™' (the minimum pumping rate of the syringe
pump) to 0.26 mLh™', which corresponds to a deformation rate in the range from 0.87 s
to 230 s. Higher flow rates resulted in fluid leakage from the input lines. All the
connector and tubing were cleaned by ethanol and DI water after the test. The optical
response of plasmonic nanogels during the flowing was measured using a USB 4000 UV-

VIS spectrometer (Ocean Optics, Inc.) as shown in Figure 5-10.
5.3.2. Results and discussion

Plasmonic nanogels are synthesized by adding Ag NPs into the WLMs solution.
Rheological properties provide the knowledge regarding the microstructure within the
nanogels. As mentioned previously, NPs materially participating in the WLM network
result in an increase in viscosity and network density. In Figure 5-11, we show the
nonlinear rheology of wormlike micellar solutions and plasmonic nanogels with different
amount of Ag NPs. The neat WLM solution (no Ag NPs) exhibited a plateau at low shear

rates and significant shear thinning at shear rates above 2 s™. The onset of shear thinning

ay a shear rate 7 identifies the relaxation time A, ()'/* =A"). Viscosity data could be

](n—l)/Z

described by the Carreau model given by n = 1o [1+(A 7 )* , Where 7 is the zero-

106



shear rate viscosity and # is a fitting parameter < 1. The zero shear viscosity increases by
a factor of nearly 20 upon adding addition of NPs, and the onset of shear thinning shifts

to lower shear rates (~ 0.1 s) indicating an increase of relaxation time. The increase in

zero shear viscosity upon the addition of NP cannot be accounted for by the Einstein
equation assuming the WLM medium is a simple viscous liquid. Together with the
enhancement of the plateau storage modulus (data are not shown here) upon NP addition,
the rheological measurement supports the hypothesis of new NP-mediated new network
formation. Viscosity decreased as a function of y due to flow alignment and breakage of
the network under large deformations. During the breakage of the network structure, Ag

NPs disengaged from the micellar structure leading to a substantial enhancement of the

NP mobility.

Viscosity, n (P

0.01 0.1 1 110 100
Shear Rate, y (s )

Figure 5-11: Viscosity of plasmonic nanogel with different Ag NP concentration vs.
shear rate. CTAB concentration is 50 mM and NaSal concentration is 20 mM.
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A dimensionless number known as the hydrodynamic Peclet number, Pe, relates the shear
rate of a flow to diffusion rate of the particle. Pe in nanoparticle suspension under the

shear flow is defined as

_3mnyyd’ n_ (5.1)
Pe = T [(¢,/¢)" -1]

where d is the diameter of the particles, ¢ is the solid volume fraction, ¢, = 0.65 is the

crowding factor that is the maximum packing fraction, and d[(¢m/d)"”

-1] term is
considered as average length between two neighboring particles [208]. At higher Pe, the
hydrodynamic interactions between nanoparticles become predominant and induce
flocculation of NP suspension. The flocculation of particles at high Pe may lead to
change in the properties of nanofluids. A recent study by Kim et al showed that the
thermal conductivity of the nanofluids decreased with increasing shear rate with due to
the microstructural change in the fluids [209]. Reaching high Pe values combined with

low viscous heating in laminar flow is an experimental challenge, which can be obtained

in a pressure-driven microchannel as demonstrated in this work.

In Figure 5-12, we show the absorption spectrum of a plasmonic nanogel with 0.1 wt.%
Ag NP under different shear rates during 5 cycles. The high shear rate is 230 s™ and the
low shear rate is 0.87 s”. The plasmonic nanogel clearly shows a flow-dependent or
shear-dependent optical response. The plasmon resonance peak intensity at ~410 nm
reduced by nearly 30%, from ~0.14 to ~0.10 as the shear rate is increased from 0.87 s to
230 s'. We switched the shear rates for 5 cycles to verify the observation and to rule out

any other experimental artifacts. As mentioned previously, we suspect that the change in
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optical properties is primarily due to flow-induced aggregation of Ag NPs. Pe can be
simplified as & 7 [(¢m/d)">-11/D, where d is the dimension of particle size, D is the

diffusion coefficient of NP in the surfactant micellar solution.

_ AT (5.2)
3nnd
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Figure 5-12: The absorption spectrum of plasmonic nanogel with 0.1 wt.% Ag NP
under different shear rates.
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At 230 s, Pe reaches O(10), thus, the hydrodynamic interactions between NPs become

predominant and induce suspension flocculation. At low shear rate 0.87 s, NPs are still
incorporated in the micellar network without significant agglomeration since Pe is
smaller than 1. The isolated NPs show higher plasmon absorption intensity or sharper
resonance peak than that of NP aggregates [52]. At high shear rates, entangled micellar
network collapses into short small cylindrical micelles. Simultaneously, the NP-mediated
junctions also break apart resulting in a significant decrease in sample viscosity as shown
in Figure 5-11. The reduced interparticle distances due to large flow shear enable
efficient plasmon coupling, which leads to a broadening and slightly red shift of the
plasmon resonance. Figure 5-13 illustrates the relationships among flow shear rate,
viscosity and optical properties. Absorption intensity at 410 nm (red triangles) is a
quantitative measure expressed as a logarithmic ratio between the incident light intensity
(Ip) and the transmitted light intensity through the sample in the microchannel (/;) as —
logi0(Z1/1p). Thus the absorbance at 410 nm and the apparent viscosity of the plasmonic
nanogels follow very similar reduce trends as the shear rate is increased from 1s” to 230

-1
S .
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Figure 5-13: Apparent viscosity and absorption peak intensity at ~410 nm as a
function of applied shear rate. Open circles denote viscosity data and solid triangles
with error bars denote plasmon resonance peak intensity.

5.3.3. Conclusions

Application of optical components, which use nanoparticles as waveguiding media and
optical filter have been studied recently in microfluidic devices [210, 211]. We
demonstrated that plasmonic nanogels consisting of metallic nanoparticles and surfactant
micelles possess unique flow rate dependent optical properties by conducting
microfluidic experiments. Metallic NPs are unstable in the aqueous solution and tend to
agglomerate. This often leads to phase separation, which hinders the application of
plasmonic fluids in the optofluidic devices. In this work, we used a network of wormlike
surfactant micelles as a template for producing a stable suspension of Ag NPs. This
nanoparticle mediated network structure is stable in the equilibrium state or under very
small deformation rate. The rheological properties of plasmonic nanogels show that
network structures are destroyed or deformed by shear. The unincorporated NPs form

aggregates when hydrodynamic interactions become predominant (Pe >1). This structure
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transition is hypothesized to account for the change in plasmonic resonant peak shape and
intensity (/). To our knowledge, this is the first report on / at dynamic states. Such
experimental evidence of both the presence and structure of aggregates in plasmonic
nanogels contributes to a better understanding of their optical properties in the micro- or

nano-fluidic devices.

112



Chapter 6

Summary and Future Outlook

6.1. Introduction

Wormlike micelles are widely used in many different industrial and consumer products
and processes where they come in contact with colloidal or nanoscale species. However,
the nature of interactions between micelles and nanoscale species and the underlying
structure and dynamics is still very less understood. In this dissertation, we have
researched the structure, rheology and optical properties of plasmonic nanofluids.
Plasmonic nanofluid contains nanometer-sized metallic particles, called plasmonic
nanoparticles (NPs). These fluids are engineered colloidal suspensions of NPs in base
fluids, which is the wormlike micellar solution in the scope of this research. The electron
density of plasmonic NPs can couple with electromagnetic radiation of wavelengths that
are far larger than the particle size due to the nature of the dielectric-metal interface
between the medium and the particles, which is also known as localized surface plasmon
resonance (LSPR) [95]. Localized surface plasmons (LSPs) are charge density
oscillations confined to metallic NPs and metallic nanostructures. Excitation of LSPs by
an electromagnetic field, such as light, at an incident wavelength where resonance occurs
results in strong light absorption and scattering. The frequency of absorption maxima or
color can be characterized by the type of material (typically, Au, Ag, or Pt), the size and
shape of the NPs, as well as the dielectric property of surrounding environment [212,

213].
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Previous studies have reported a number of contradictory ways in which colloids or NPs
affect the rheology and structure of micellar solutions. Bandyopadhyay and Sood [81]
found that the viscosity of micellar solution increases nonmonotonically with SiO,
concentration. In contrast, Nettesheim and Helgeson [80, 82] reported a monotonic
increase in viscosity of the micellar solutions as a function of the concentration of NPs. It
is important to note that addition of NPs results in rich rheological behaviors, a shear
thickening to shear thinning and shear banding transition as has been reported by
previous studies. However, the underlying mechanism of this transition and the effect of
NPs on micelle fragments interactions are relatively unexplored to the date. Due to their
diverse applications in many industries, understanding the structure dynamics and
rheology of micelle-NP is important. The results presented in this dissertation provide an
engineering understanding of these complex fluids that can be used to produce stable
plasmonic nanoparticle suspensions, to manufacture plasmonic interfaces and thin films,

and to fabricate reconfigurable optofluidic devices.
6.2. Nanoparticle Mediated Micellar Network

Ionic surfactant molecules can self-assemble to form micelle aggregates in an aqueous
solution when concentration reaches above the critical micelle concentration (CMC)
[214]. As the concentration is raised above CMC, uniaxial elongation occurs leading to a
micellar growth longer than their persistence length /,, which is typically around 10-20
nm. This is the length over which appreciable bending can be observed in experiments
[215]. Longer micelles are much like flexible polymer chains. As concentration is further
increased to C" (also known as ‘overlap’ concentration in polymers), entanglement of

micelle chains exhibit viscoelastic behavior. Above C*, the wormlike micelles are in the
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so-called “semidilute” regime [118]. In this regime, micellar chains entangle to form a

viscoelastic network with a network size or “mesh size” &y.

For the surfactant micellar solutions with NPs, Helgeson et al. [82] suggested a “double
network” structure with wormlike micellar entanglements and particle mediated
junctions. The formation of micelle-NP junctions can be treated as physical cross-links
between micelles, which is shown to build up viscosity and viscoelasticity significantly in
dilute and semidilute regimes. To explore the effect of charge and surface chemistry of
NPs, in this dissertation, we have studied the nanoscale self-assembly of Au/Ag NPs with

surfactant micelles.

These studies show that surfactant molecules tend to stay on the surface of the negatively
charged NPs and form a bilayer structure with the positively charged head groups of the
surfactants attached to the particle surface in the aqueous solutions [85, 88, 89]. This
bilayer structure on the metal NPs surface has been suggested by Fourier transform
infrared spectroscopy and thermogravimetric analysis [88]. Excess surfactants assemble
into wormlike (long and flexible) or cylindrical (short and rigid) micelles or micelle
fragments in the solution. These wormlike or cylindrical micelles can further interact
with surfactant capped metal NPs to form a network structure consisting of particle-
micelle junctions. Such networks are capable of distributing NPs with different sizes and

shapes within the surfactant fluid in a stable and uniform fashion.

Together with the ongoing molecular dynamics (MD) simulations, we hypothesized that
surfactant capped NP can form stable bridges with cylindrical micelles through end-cap

opening mechanism. Higher free energy of the micelles end-cap and the screening of
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electrostatic repulsion between the surfactant head groups due to added salt result in a
stable junction of micelle with NP [216, 217]. Bridging of the micelle also occurs with
the uncharged or positively charged particle that is covered with a monolayer of
surfactants as observed by other studies [80, 82]. These micelle-NP network assemblies
are stable at equilibrium state, but exhibit very rich rheological behaviors under the shear

due to scission and recombination.
6.3. Rheology of Wormlike Micelle-Nanoparticle Mixtures

Addition of nanospecies to polymers has been explored since 1990s [83]. Dramatic
enhancements in materials mechanical and functional properties have been realized in
polymer nanocomposite even at very low nanoscale filler loading (~ 1 wt.%) [218, 219].
However, the fundamental questions on interactions between nanoscale fillers, i.e.
nanoparticles, and WLMs (“living polymers”) are still not well understood. It has been
reported previously that suspension of nanoparticles in WLM solution can significantly
influence the underlying WLMs rheology [81, 220]. Bandyopadhyay and Sood found that
the presence of 100 nm SiO, NPs in CTAT solution serves to screen the electrostatic
interaction between micelles, resulting in increased micellar entanglement. Nettesheim et
al. showed that the addition of positively charged, 30 nm SiO, NPs to CTAB/NaNO;
WLM solution significantly increases the zero shear viscosity 7o, longest relaxation time
A and elastic modulus G of WLM solution. Small angle neutron scattering (SANS) and
cryo-electron microscopy experiments confirmed the association between particles
mitigated by the WLMs. Structural and thermodynamic measurements in dilute
surfactant-nanoparticle mixture have suggested the formation of micelle-nanoparticle

junctions via an end-adsorption mechanism [82, 129].
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We systematically studied the effect of Ag NP addition on the structure and rheology of
the CTAB/NaSal micellar solutions. Experimental data suggest that at low salt and NP
concentration, the surfactant/NP mixtures exhibit shear thickening and/or rheopexy
behavior indicating the formation of micelle-NP complex under the shear due to the
interaction between surfactant micelle and NP. As the NP concentration is increased, a
transition from shear thickening/rheopexy to shear thinning/shear banding is observed.
The shear thinning samples have relatively higher zero shear viscosity compared with
pure micellar samples. At a constant salt/surfactant molar ratio, the zero shear viscosity
exhibits a nonmonotonic increase with the NP concentration. This indicates that the
excess NP would affect wormlike micellar network or entanglement. At sufficiently large
NP concentration, the samples exhibit shear banding behavior which is plausibly due to
shear induced phase separation. The presence of micelle-NP junctions affords unique
modification of the rheological properties of WLMs. In particular, the entanglements and

junctions give rise to viscoelasticity in the micelle fluids.

6.4. Structure-Optical Properties Relationship of Micelle-NP Self-Assembly

We have shown that surfactant micelles can bridge NPs to form a network structure in the

13 where Gy 1s

solution phase. The mesh size of the network can be expressed as (kg7/Gy)
the plateau storage modulus and kg and T represent the Boltzmann constant and absolute
temperature respectively. Since the mesh size is a function of 7, the average distance
among the NPs can be tuned by simply changing the environmental temperature. Optical
absorption due to surface plasmon resonances in the assembly of NPs depends strongly

on the particle separation and orientation. The mechanical and rheological properties of

plasmonic nanogels are temperature dependent due to the nature of surfactant micelle
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solution. The thermoreversible assembly of Au NPs is made possible by the temperature
dependence in the micelle entanglement network structure. In this dissertation, we have
demonstrated that the thermoreversible tunability of interparticle distance for both
isotropic (sphere) and anisotropic (rod) gold NPs by simply changing temperature in the

surfactant micellar solution.

We have studied the structure and optical properties of flow-induced NP aggregates in
the microchannels. Plasmonic nanogels consisting of metallic nanoparticles and
surfactant micelles possess unique flow rate dependent optical properties. NPs form
aggregates when hydrodynamic interactions become predominant (Pe >1). This structure
transition is hypothesized to account for the change in plasmonic resonant peak shape and
intensity (/). This is the first experimental report on characterizing plasmon resonance
intensity at dynamical states in microfluidic channels. We envision that this type of
plasmonic soft materials can find potential applications in reconfigurable optofluidic

devices and biological sensors.

6.5. Energy Related Applications

The key aim of photovoltaics (PVs) in manufacturing of solar cells is to reduce
production costs in order to compete with other forms of power generation [40]. Thin
film silicon solar cells reduce materials cost of PV systems and offer a means to more
affordable renewable energy production. However, the major disadvantage of thin film Si
PVs is the relatively low efficiency of light to power conversion due to the poor light
absorb performance of Si and the reduced optical path length of the thin film. Currently,

the best research cell efficiencies recorded for thin-film single junction amorphous Si is
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13.5% compared with bulk c-Si of 27.6% [221]. Therefore, in order to realize the
potential of thin film Si PVs, efficient broadband light trapping technologies need to be

integrated into the device design.

In this dissertation, we report a cost-effective and scalable room temperature/pressure
nanomanufacturing process based on a spin-coating technique to create broadband light
trapping plasmonic interfaces on thin film silicon-on-insulator (SOI) devices. Such
interfaces are shown to facilitate strong photocurrent enhancement of the SOI devices up
to 200%. This technology can be applied to create single of multiple component
plasmonic interfaces with NP of various materials, sizes and shapes. Subsequently, the
plasmonic interfaces manufactured using this method possess robustly controllable

optical properties.

Many scientist and engineers have tried to produce costly effective biofuels from non-
edible sources. Microalgae have long been recognized as potential good feedstock for
biofuel production because of their high oil content and rapid biomass production. In
recent years, use of microalgae as an alternative biodiesel feedstock has gained renewed
interest from researchers, entrepreneurs and the general public. Two major components
impacting algal growth are proper mixing for uniform illumination and nutrient contact.
The light distribution within current photobioreactors is generally poor because the light
source cannot be placed close to the reactors. Uniform and sustainable illumination of the
photobioreactor is still a major challenge and seriously limits the light conversion

efficiency of conventional photobioreactors [181].
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Previous research by Torkamani ef al. showed that strong backscattering of blue light
from silver NP suspensions in microalgal photobioreactor could boost photosynthetic
activity of algal cultures resulting in a more than 30% growth enhancement [37].
However, a suspension of NPs has a short shelf life and is hard to be applied to
photobioreactors with complex geometries. Polymer based plasmonic nanofilms could
offer a means to solve these problems. We manufactured PVA-NP nanofilms with
different optical absorption and scattering spectra that can be utilized to culture various
types of microalgae species. We also envision that this technology can be applied in
large-scale microalgal photobioreactor aimed at harvesting algal biomass for the

production of sustainable biofuels and other valuable chemicals.

6.6. Recommendations for Future Work

A more thorough investigation of the mechanism of NP-mediated junction formation and
microstructure of micelle-NP network are still needed in order to fully understand the
rheology of multicomponent complex fluid. More experiments are required to explain the
following questions. What is the molecular level structure of the adsorbed bilayer
micelles and micelle-NP junctions? Why does the viscosity increase nonmonotonically as
the NP concentration is increased? What is the precise microstructure of the micelle-NP
aggregates under the shear flow? How stable are the junctions under the shear flow?
Certainly, these questions will be explored in future experiments by high-resolution cryo-
TEM or atomic force microscopy to provide more comprehensive understanding.
Another possibility to explore these questions is by molecular dynamics (MD)

simulations of surfactant-NP mixtures. [5, 112, 131].
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Further research could also focus on understanding the interactions between different
types of surfactants with nanoparticles of different surface chemistries. This dissertation
has studied exclusively on cationic single tail surfactants and negatively charged metallic
nanoparticles. Wormlike micelles used in many real applications are anionic, zwitterionic
or non-ionic. For example, non-ionic surfactant based micelles/vesicles are widely used
in drug delivery and in the cosmetic industries [222, 223]. Mixed surfactant systems
show very interesting rheological properties [224, 225]. Nanoparticle addition to these
systems 1is still a not well-studied research area. To chemical engineers, an important
question is how does the addition of NP change the structure and rheological properties

of these systems?

Plasmonic fluids comprised of wormlike micelles and metallic NPs exhibit enhanced
viscoelasticity. This surfactant based viscoelastic nanofluid can be used in the oil industry
as completion and stimulation fluid [20, 226]. Nanoparticle-micellar fluid systems have
wall-building leak-off control similar to crosslinked-polymer fluids (CPFs) [20, 226].
CPFs cause significantly damage on fracture conductivity and fracture face. Polymer
residue has been identified as the primary culprit. Surfactants, on the other hand, have
very small molecular weight can significantly reduce formation and fracture conductivity
damages in hydraulic fracturing operations. Introducing NPs to surfactant micellar
solutions can significantly increase the apparent viscosity and viscoelasticity due to the
formation of 3-dimension NP-mediated network structures. This network structured fluid
has rapid leakoff in porous media and does not produce or leave a filtercake [20, 226].

Thus, the NP-surfactant micellar fluids have great potential to serve as new types of
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fracturing fluids in the oil-field industry. This could be an exceptionally promising

research direction.

Au NPs based nanomedicine has shown particular promise in animal studies and early
clinical testing to provide localized, targeted cancer therapies [227-229]. The wide-
ranging utility of Au NPs for medical applications is based largely on their unique and
rebustly tunable optical properties. Au nanorods with suitable aspect ratios exhibit strong
plasmon absorption in the near-infrared region (650-900 nm). These particles not only
increase optical contrast in tumors for imaging but also convert absorbed light into local
heating to kill targeted tumor cells [35, 230, 231]. Improving delivery methods in order to
allow accumulation of a large amount of NPs to the tumor cells is still a technical
challenge in Au-NP based therapies. Polymer or large nonionic surfactant molecule
capped nanoparticles have shown great barrier overcoming abilities and longer in vivo
stability [232]. Thus, polymer micelle-NP system could be another promising research
direction since there are still many obstacles to advance the polymer micelle to an
effective drug delivery system, such as low drug capacity, low blood stability and

unknown interactions with cell membranes.
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