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ABSTRACT

Advancing Higher Level Control of Nanoparticle Assemblies Through
Ligands

by
David Michael Marolf

The nanoscale size regime is full of potential for the study and development of
new functional materials. Many biological materials exist on the nanoscale and can
assemble into a variety of complex machinery capable of performing the functions
necessary for life to continue. Human-made materials are still far behind what exists
naturally, however, over the past few decades, nanoparticles have emerged as a
synthetic class of material with intriguing properties making them capable of a large
variety of potential applications. One such property is their ability to self-assemble
under certain conditions, potentially paving the way to better mimic the high
functionality of biological materials. In this thesis, [ present research into self-
assembling systems of particles that will bring the community closer to true
biomimetic materials, primarily through careful use and control of the ligands at the

nanoparticle surface.

In chapter 1, I detail how ligands affect nanoparticles on multiple levels. First,
[ discuss how ligands are crucial for the synthesis and growth of a variety of
nanoparticles of various compositions and morphologies. Then, I detail how ligands

are used to impart functionality to nanoparticles in a variety of different applications.



Finally, I discuss how ligands are used to assemble particles, paying special attention
to how ligands can be used to assemble nanoparticles in more complex ways such as
“lifelike” dissipative self-assembly. In chapter 2, I discuss my findings applying the
community’s understanding of functionalization to the functionalization of ultrathin
gold nanowires, the highest aspect ratio gold nanoparticle morphology currently
known. Through functionalization with a stimuli-sensitive ligand, dynamic systems
of nanowires that assemble and disassemble in response to specific stimuli can be
obtained. These nanowires can also be assembled into macroscopic fibers,
demonstrating preliminary work that could be continued to develop fibers of
nanowires as functional materials. In chapter 3, I present my work exploring the
study of DNA-functionalized gold nanoprisms and their sharp transitions between an
assembled and disassembled state. I explore the origins of these sharp transitions
that cannot be explained by contemporary models of similar DNA-functionalized
nanoparticles. Finally, in chapter 4, I discuss the challenges the community faces
developing synthetic, out-of-equilibrium, dissipative nanoscale self-assembling
systems. To characterize such systems even if they can be successfully designed and
synthesized, careful consideration must be given to the spatial and temporal
resolution available with current analytical techniques along with the inherent
advantages and drawbacks of these techniques. Furthermore, as spatial and temporal
resolution continues to be improved, the amount of raw data produced per
experiment increases at a high rate necessitating the adoption and development of

more advanced data analysis techniques.



This thesis furthers the field of self-assembly, such that future researchers will
be closer to developing synthetic systems with high degrees of complexity capable of

precise function that can be targeted towards a variety of applications.



Acknowledgments

When [ started my PhD, [ knew to expect it to be a time of educational growth
for me, but I hadn’t correctly anticipated how difficult and at times painful that
growth process might be and how much grad school might push me to grow more
than just as a scientist. And to be fair to my younger self, I don’t think anyone could
have anticipated the timing of my PhD to coincide with so much external chaos and
upheaval. During my tenure, I have endured a global pandemic, a handful of
hurricanes (including Hurricane Harvey during my first summer at Rice), nationwide
police brutality protests that were often responded to with even more violence,
multiple extremely troubling political shifts in this country (including the overturning
of Roe v. Wade), and probably at least a dozen more “historic” events that, quite
frankly, sucked. All of that is too much for any person to deal with by themselves, and
that is why I am so eternally grateful that [ didn’t go through all that alone and instead
had a myriad of people in my life to help and support me. It's now my privilege to
highlight as many of those people as I can and thank them dearly for their kindness
and support. (I also apologize if | have neglected anyone due to the frazzled state of
my brain as I attempt to write up six years’ worth of work into one document. If I did,

please know that your contributions were still deeply appreciated!)

[ would like to start by thanking my advisor, Matt Jones. He remains the most
brilliant scientist [ have ever worked with and an excellent teacher. However, | don’t
really want to spend the time highlighting those particular contributions to my PhD

work as, to a certain extent, that is to be expected of any worthwhile PI. I instead



would like to thank him for his contributions that I truly believe went above and
beyond his professional obligations. During my very storied time at Rice, there were
many times when the situation [ found myself in was deeply uncertain, and Matt was
the anchor that held me in place and allowed me to continue my work as best as [ was
able. I almost left the program during the pandemic as I didn’t have faith in Rice’s
systems at place to control the pandemic, but I stayed because I trusted Matt. And I'm
happy to report that trust was well placed. In a separate time when Rice slashed my
pay in half without warning (long story), Matt not only offered whatever professional
clout he had to help me fix that issue with Rice but also offered to personally cover
the rest of my stipend to make sure I could afford living expenses while this situation
was being fixed. Thankfully, it never came to that, but it helped me immensely to have
that level of support during a time of increased inflation where I truly could not afford
my living expenses on half an income. I always tell new grad students to find an
advisor that won't just help you scientifically but is also a good person who you can
trust during this formative and often vulnerable time in your life. I truly don’t know
how my life would have looked in another lab and [ am extremely grateful that [ was

lucky enough to find myself in Matt Jones’ lab all those years ago.

Speaking of joining the Jones lab, [ also want to thank all my labmates, past and
present, who have been so excellent both as collaborators but also even more as
friends. The work was much easier sharing it with you all. I've enjoyed all the long
discussions (sometimes when we should have been working; sorry Matt!) and fun
times we’ve had and [ am excited to see where we all go in the future. [ would like to

give a special shoutout to my friend and partner on the nanowires project, Theo



vi

Gerrard-Anderson. [ met Theo seven years ago as we worked as summer interns in a
lab in Mainz, Germany and I never imagined that would be the start of such a long
friendship. It was an honor to work together on the nanowires and [ am grateful at
how well we complemented each other in our work styles. We joked that we took
turns carrying the project when the other was burnt out or dealing with various life
crises, and while I can only say that I hope [ was able to carry Theo when he was down,
he certainly carried me. I think the memories I will carry most closely from working
on our project together will be our complex and somewhat deranged bits we would
fall into inevitably during labwork or meetings. May Yawgroth devour you last,

brother.

[ would now like to thank my family, my longest-running supporters. I'm not
sure any of us were quite prepared what my time in grad school would look like, but
[ am very grateful to have always known that you were behind me supporting me.
Whether that support was emotional (as you listened to me vent many, many times
about failed experiments) or financial (as you paid for meals when we were together
and fed this hungry, poor grad student), it was well appreciated. During the
uncertainty of these years, it was unfathomably helpful to have a collection of
supporters who always had my back no matter what. I will say my young nephew,
Axel Marolf, born on January 15, 2023, didn’t do as much of the heavy lifting as the
rest of my family, but considering he is still working hard at developing object
permanence, [ will give him a pass this time, but am still expecting a major turnaround

in the near future.



vii

I now want to thank the other members of the Sorority: Arzeena Ali, Sarah
Hulgan, and Rachael Kress. When we all met on visitation weekend, [ didn’t recognize
that I was meeting some of the dearest friends of my life. We’ve shared so many
laughs, tears, and impotent screams of rage, and I can’t imagine better people to have

been through it with. Our nights spent eating Aga’s, or going to the Renn Faire, or

playing Castle Panic will be some of my fondest grad school memories.

I now would like to thank three more people who experienced a bit of the grad
school chaos before me and so were instrumental in helping guide me through it:
Logan Bishop, Thomas Heiderscheit, and Christian Jacobson. I owe you many drinks
for all the time you spent talking me off ledges especially during those early years. I'm
not sure I would have made it through my first CHEM 600 or my QE without you all
there constantly reminding me it was going to be fine. I also need to thank you all for
ruining my productivity by introducing me to D&D and a myriad of other board games
and video games. Having that consistent escape in my life was crucial to my survival.

And above all else... Thanks for the Glorious Combat, Family. Rock and Stone.

Jessie, James, and Sean are three of my oldest friends and [ am grateful that
they put up with all my grad school concerns for six years. I know none of you have
personal experience with grad school currently, but you have all been such excellent
empathetic listeners and supporters throughout the whole thing. You've always been
ready to celebrate with me, hype up my accomplishments, and be shoulders to cry on
during less pleasant times. And I also am grateful that you were willing to be my first

guinea pigs as I learned to DM! Escaping into made up worlds with you three has been



viil

an immense amount of fun and a well-needed break from a sometimes difficult reality

and I look forward to continuing that for many more years to come.

[ would also like to thank all the members of the D&D group I played with at
Rice: Theo Gerrard-Anderson, Sarah Hulgan, Rachael Kress, Tim Robertson, Joe
Swain, and Zhi Yang. It was an honor to procrastinate with you and watch as you
defeated the Cult of Myrkul and the dreaded dragon of Icespire Peak. Completing that
campaign with you all is honestly one of the accomplishments I am most proud of

during my time at Rice, and [ am so grateful to have shared all that time with you.

[ have spent a lot of time mentioning how difficult my tenure was, and [ would
be remiss if I didn’t highlight perhaps the group most responsible for getting me
through those times: the Rice University Counseling Center. (For my labmates, as a
final reminder, it is fully functional in person and over the phone or on Zoom!) Mental
health is a common struggle for grad students and I am no exception. The RUCC was
instrumental in helping guide me through my anxiety and other mental health
struggles to both survive grad school but also to be a better person. In particular, I
would like to thank Gabe Ramirez, who I spent around four years working with. You
guided me through so much change and struggle in my life, and I honestly believe the
wisdom you helped guide me to is the thing I'll hold on to most tightly as I move on to

the next stage of my life.

[ also owe a lot to some of the best people at Rice, who I think deserve a lot
more recognition for the work they put in: the administrative staff and teaching

faculty, particularly, Kristi Kincaid, Krista Kobylianskii, Ruxin Feng, Caroline McNeil,



ix

Pam On, and Anita Walker. The work and care you show to the students that cross

your paths is one of the best parts of the department.

[ have thanked all the humans my frazzled brain can remember to thank but
there are still two individuals who need credit, and those are the two cats I have had
during grad school. I first would like to thank Alfred, who put in the most on-site
hours supporting me. I can’t express how helpful it was to come home and have that
furball there waiting for me, who was always just happy to see me home and truly
couldn’t care less about whether or not my experiments worked that day. You got me
through the darkest part of the pandemic, Alf, and I wish there was more I could do
to thank you. Sadly, Alfred passed away late October 2022, and that was by far the
hardest part of my time in grad school. But thankfully, despite having very big shoes
to fill, a worthy successor came into my life December of that year. Pippin, you're an
absolute psychopath, but you have been instrumental in helping me get through this
hard last year. In Alfred’s memory and in hope of affording Pippin a cat tree with PhD

money, 'm happy to complete this journey.



Contents

AcCkNOWIEdEMENTS.....cciiiiiiiiiiiiiiiiirriree e reseerensisrssseseasssssssesenesssenssssanssssnnnns iv
L7 133 = o | £ X
LiSt Of FIBUIES ccuuuiiiiieeiiiiiiiiiiiiiiiiniiiiieneiisineeeisinesasssssensssssnenssssstsesssssssssnssssssensssssssnns xiii
List Of TAbIES ...cvveeeeeeiiiiiiiirr e xviii
[INE o]l =0 [ F=) 4o ) o 3PN Xix
[N\ T 4 =T Tl 1T XX
a3 oo [¥ Tt o T 1
1.1. Ligands as CapPinNg AZENTES .....uuiiiiiieei e e eeccrrrr e e e e e e e e e e e e e e e e e e anaaeneeeaeas 2
1.2. Ligands as GroWth DIir€COrS ......eeeiiiiivicciiieiee e e e e e e e 4
1.3. Ligands for Nanoparticle FUNCtionality ........ccccceveiiiieiiiiiieeccee e, 7
1.4. Ligands for Self-AsSemMDBIY........ccoiiiiiiiiiiiiie e 10
1.5. Ligands for Dynamic Self-Assembly..........ouiviiieiiiiiieeeciee e 12
1.6. Ligands for Complex Self-Assembly..........ccooiiiiiiiiiiiice e 14
1.7, CONCIUSION it s e s 18

Controlling the Assembly State of Ultrathin Gold Nanowires Through Stimuli-

RESPONSIVE LIZANAS ....ceeenireeniiiiniiienierrenertenerreneereaserensereasessensessasessessessnssessasesssnsesens 19
2.0, INTFOUCTION ...t 19
2.2. Results and DISCUSSION ...c..eiiiiiiiiiiieiiieeeee ettt 22

2.2.1. AuNW Functionalization with HS(CH2)11(EG)6sOCH2COOH ........................ 22
2.2.2. AUNW Assembly USING CaZt....ccvioeiieeeeectecete ettt ettt eve e et 24
2.2.3. AUNW Assembly in Acidic CoNditioNS.......ccccvveeeeiieeieiiiiiieeeee e e 28
2.2.4. AUNW Fiber EXTIUSION ...ccveiiiiiiiieiieiee sttt 34
2.3, CONCIUSION ..t smee e e 37
2.4. Materials and Methods........cceoriiiieiiiee e 38
2.4.1. Ultrathin Gold Nanowire SYnthesis ........ccccoviiieieei e 38
2.4.2. Ultrathin Gold Nanowire Functionalization with HS(CH2)11(EG)sOCH2COOH
................................................................................................................................... 39



Xi

2.4.4. Ultrathin Gold Nanowire Fiber EXtrUSION .....uevviiveeiiiiiiiie e eetiieeeeeiieeeeeenns 40
2.4.5. SAXS M EaSUICIMEBNTS cevvuiiieeiteeite ettt et e et eetaeetaseraasestnessnsernserssersnnees 40
P N ST \V Y =T = | oo OO RRRTPTRR 41

Investigating Thresholding Behavior in Equilibrium and Nonequilibrium Nanoparticle

ASSEMDBIIES c.ceeenriiiiiiiiiiiiiiiiiiii e e a s e s e e e e e s aaes 42
3.1 ADSEFACE i s 42
3.2, INErOAUCTION ... e s 43
3.3, BACKEIOUN....eiiiicieiee et et e s e e e e e e s e arreeeenas 45
3.4. Results and DISCUSSION ..c...eiiiiiiiiiiieeiieeeite ettt ettt st e e s 52
3.5,  MEENOAS ... et 65

3.5.1. Nanoparticle Synthesis and Purification.........cccccceeieicciiieeiei e 65
3.5.2. DNA FUNCtionalization .........ccoiiiiiiiiiiiiieeeeeeee e 66
3.5.3. DNA ASSEMDIY.ccciiiiiiieee e e e e e e e e e et e e e e e e eeanan 67
3.5.4. T @Nd FWHM Lottt s 67
3.5.5. van ‘L HOFf ANQIYSIS .eooeeeiieei et 68
I ST o] o T [T ] o] o TP OPPRTOPPP 68

Measuring Challenges in Dynamic and Nonequilibrium Nanoscale Systems............... 70
A 1) - Lot APPSR PR PR TRPOTRPN 70
A.2. INErOAUCTION ...ttt e e s e 71
L BT o VN (V= o o U P PPRPPRN 74
O e T ] oY= o1 o 77
T =Tl o o 1o U =TS URRPR 78

4.5.1. In Situ AtOMIC FOrce MICrOSCOPY ..uuuieieieieieieieieisisiessiesesesssssesssesssssesssessseseseeeens 82
N I =4 Y Yo=Y <] o1 = RSP 86
4.5.3. SUPer-Resolution MICIOSCOPY.....ccovcurrrerieeeeeieiiirrreeeeeeeeeesrnrrereeeeeesesnnrrereeeeens 89
4.5.4. Liquid-Phase Transmission Electron MiCrOSCOPY .......ccovvverrrverieeeeeicccnrreneneeen 94
4.6. Data Analysis, Deep Learning, and Multiscale Modeling.......cccccceveeeveiccnnvvennnnnnn. 100
A.7. CONCIUSION 1.ttt e s b e s ear e s neees 105
Conclusion, or There and Back AZaiN .....ccceceereeereenieieenerrenerenneereenerenserenseeseasessannens 107

2= L= =] 4 o= 110



xii



List of Figures

Figure 1.1 Ligands Direct NP Growth. A schematic showing the sameseed
particle being driven down two hypothetical growth directions depending on
the presence of either a capping agent (ligand) that preferentially binds (100)
facets (red) or a capping agent that binds (111) facets. Reprinted with
permission from ref. 15. Copyright 2015 American Chemical Society. ................ 6

Figure 1.2 Ligands Control Nanoparticle Catalyst Selectivity. TEM images of a)
3.5 nm Pt nanoparticles and b) 4.5 nm CoPts nanoparticles used as catalysts
for alkyne hydrogenation reactions. c) The percentage of products formed
from 4-octyne hydrogenation using unfunctionalized Pt and CoPts
nanoparticle catalysts and Pt and CoPt3 nanoparticles in the presence of 0.13
M 1-octylamine. Reprinted with permission from ref. 26. Copyright 2012
American Chemical SOCIELY ... ——————————— 9

Figure 1.3 Surface-Ligand Interactions Cause Patchy Particles. The titration of
carboxylic acid presenting nanodumbbells. The same molecule has a different
effective pKa when bound to the surface due to the difference in radius of
curvature across the particle. Reprinted with permission from ref. 38.
Copyright 2013 Nature Publishing Group. ... 12

Figure 1.4 Stimuli-Responsive Ligands Enable Stimuli-Responsive Assembly.
Schematic demonstrating the assembly of particles through irradiation of UV
light and the resultant formation of “nanoflasks” before being disassembled
through irradiation of visible light and the release of the resulting product.
Reprinted with permission from ref. 44. Copyright 2016 Nature Publishing

0 00 14

Figure 1.5 Dissipative Assembly Explores Significantly Different Phase Spaces
than Equilibrium and Metastable Assemblies. a) A schematic showing the
consumption of energy used to activate a hypothetical self-assembly process.
b) A comparison of the energy landscape of equilibrium states, kinetically
trapped or metastable states, and dissipative states. Reprinted with
permission from ref. 48. Copyright 2017 Royal Society of Chemistry. .........e..... 16

Figure 2.1 Nanowire Functionalization. a) Pictures of the functionalization
mixture at different stages. The dark color is due to the presence of
nanowires. b) An illustration of the oil-in-water emulsion formed upon mixing
the nanowire-containing hexane phase with the ligand-containing aqueous



Xiv

phase. Presumably, a Pickering emulsion forms with the nanowires resting at
the interface before thiol-Au bonds form, ultimately pulling the nanowire into
the aqueous phase. c) TEM image of the nanowires as-synthesized. d) TEM
image of the nanowires after functionalization. .........ccovn——— 24

Figure 2.2 Nanowire Assembly Through Ca?* Chelation. a) SAXS spectra of
three samples of AuNWs varying CaClz and pH. Dotted vertical lines are added
to guide the eye. b) An illustration of the HCP structure formed from bundled
nanowires. The nanowires are viewed from the tips for ease of viewing. c) An
illustration of the CaZ+ chelate linkages between nanowires..........ommmsnceans 28

Figure 2.3 Nanoparticle Assembly Under Acidic Conditions. a) SAXS spectra of
three samples of AuNWs varying pH hrough HCI or NaOH addition. b) An
illustration of the hydrogen bond linkages between nanowires. c) SAXS
spectra of five samples of varying pH through use of buffers. d) An illustration
of the possible lamellar structure formed from AuNWs assembled under acidic
conditions using buffers. ... ——————— 30

Figure 2.4 The Effect of Salt Concentration on Acidic Assemby, and
Reversibility of the Acidic Assembly. a) SAXS spectra of three samples of
AuNWs at pH 2 varying KCI. Dotted vertical lines are added to guide the eye. b)
SAXS spectra of AuNWs demonstrating reversibility. AuNWs can be assembled
through addition of acid and disassembled through addition of base. This
process is reversible upon addition of more acid. ........ccosnimnnsmnnsmn—— 32

Figure 2.5 Macroscopic Fibers Formed From Nanowires. a) Frames of a video
showing the extrusion of fibers into a coagulant bath containing 100 mM HCI
and 300 mM NacCl. b) Images of fibers collected from the acidic coagulant bath.
c) Frames of a video showing the extrusion of fibers into a coagulant bath
containing 100 mM NaOH and 100 mM CaClz. d) Images of fragments of fibers
collected from the Ca2+-containing coagulant bath. Larger fibers could not
successfully be removed from the bath due to their brittle nature..........ccccusuue 37

Figure 3.1 Cooperativity and Multivalency. a) A model of a cooperative system.
b) A model of a multivalent system. c) A model of a cooperative and
MUltivalent SYSteM. ... ———— 45

Figure 3.2 Self-Assembling Prisms through Single-Stranded and Double-
Stranded DNA. a) UV-Vis extinction spectra showing differences in binding
with ssDNA and dsDNA-functionalized prisms. Inset: TEM image of a Au
nanoprism (scale bar: 50 nm). b) A model demonstrating the flexibility of



XV

ssDNA conformational change before and after binding along with the DNA
design. c) A model demonstrating the rigidity of ssDNA on the surface of
prisms before and after binding along with the DNA design..........cousnsssrnncacnns 54

Figure 3.3 Assemblies with ssDNA Yield Sharper Transitions. A bar graph
comparing the average FWHM of disassembly for both ssDNA-functionalized
prisms and dsDNA-functionalized Prisms.......cmms—————————— 56

Figure 3.4 Potential Mechansisms Leading to Enhanced Thresholding
Behavior of ssDNA-Functionalized Prisms. a) A model illustrating the
hypothesis that an array of cations organized to the phosphate backbone of a
hybridized sticky end encourages the hybridization of neighboring strands. b)
A model illustrating the hypothesis that the formation of intraparticle loops
preorganize the DNA such that the formation of sticky end interactions
between particles is encouraged.........————————— 57

Figure 3.5 Cation Size Affects the Observed Tm in Assembled Nanoprisms.
Melting curves of ssDNA-functionalized nanoprisms and dsDNA-functionalized
prisms utilizing different-sized prisms and cations...........m————. 59

Figure 3.6 van ‘t Hoff Analyses of Prism Disassembly. . a) An illustration of a
van ‘t Hoff plot. b) The enthalpy of disassembly of various systems of self-
assembled DNA-functionalized prisms. determined through van ‘t Hoff plots.
c) The entropy of disassembly of various systems of self-assembled DNA-
functionalized prisms. determined through van ‘t Hoff plots. ......cccoennininnnnannns 64

Figure 4.1 The Advantage of Dissipative Processes. a) A simplified,
hypothetical energy diagram indicating the difference between global
equilibrium, metastable Kinetically trapped, and energy-dependent out-of-
equilibrium states. In this framework, the out-of-equilibrium state has the
unique property of being able to explore a wide range of reaction coordinate
space with a relatively small input of energy. (b) Illustration of the difference
between passive diffusive behavior of individual nanoparticles and the
collective emergent behavior of a hypothetical nanoparticle assembly driven
by the INput of €Nergy..... i —————————————— 73

Figure 4.2 Understanding How Spatial and Temporal Resolutions of
Instrumentation Limit Systems Able to Be Effectively Studied. (a-c) Simulated
image of an assembly of 50 nm cubes imaged at (a) 2.5 nm, (b) 20 nm, and (c)
200 nm spatial resolution. (d-f) A simulation of 50 nm cubes assembling at (d)
5 ms, (e) 50 ms, and (f) 500 ms temporal resolution. Three particles of interest



XVi

have been labeled (1, 2, and 3) to help track the assembly process. (g) A
spatiotemporal map of the single-particle imaging techniques covered in this
perspective; data collected from references 162 163 164 165 166 167 168 169
170171172173174175176177 178 179 180 181 182 183 184 185 186 187

Figure 4.3 Capacity for In Situ AFM to Probe Dissipative Nanoparticle
Assembly. a) Illustration of nanoparticle assembly measured through in-situ
AFM. The physical interaction between the cantilever and the particles
generates image contrast. (b-d) In-situ AFM images demonstrating the growth
of zeolite crystals over time. Adapted with permission from ref. 186. Copyright
2018 Nature Publishing Group. (e-f) In-situ AFM images demonstrating the
fusion of lipid-nanodiscs in solution. Adapted with permission from ref. 185.
Copyright 2018 American Chemical Society........c.ccmmnnnn————— 82

Figure 4.4 Capacity for Light Scattering to Probe Dissipative Nanoparticle
Assembly. a) Illustration of the imaging of diffusing nanocubes in solution
through light scattering. Particles that approach within a diffraction limit of
one another (~100 nm) cannot be differentiated. b) Frames from a video
utilizing nanoparticle tracking analysis to observe the movement and growth
of transition metal oxide nanoparticles. Adapted with permission from ref.
204. Copyright 2011 American Chemical Society. c) Size distributions of two
batches of maltoheptaose-block-polystyrene nanoparticles formed under
different synthetic conditions. Adapted with permission from ref. 205.
Copyright 2013 American Chemical Society........c.omnnmn————— 87

Figure 4.5 Capacity for SR Microscopy to Probe Dissipative Nanoparticle
Assembly. a) Illustration of the imaging of nanocubes using super-resolution
microscopy. Particles must be labeled with fluorophores that emit
individually and thus can be mapped to a single point spread function and
localized below the diffraciton limit. b) Comparison of a diffraction-limited
confocal image of assembled polystyrene beads and the same assembly
imaged using a super-resolution microsopy technique (stimulated emission
depletion, STED).174 Reproduced with permission from ref. 174. Copyright
2010 American Chemical Society. c) Super-resolved images of the formation of
a microtubule (purple) forming from a mitochondrion (green) over time.162
Reproduced with permission from ref. 162. Copyright 2018 Cell Press............. 92

Figure 4.6 Capacity for Liquid Phase TEM to Probe Dissipative Nanoparticle
Assembly. a) Illustration of a sealed TEM liquid cell, allowing the imaging of
spherical nanoparticle assembly. Heating elements and the inflow of new



Xvii

reagents to the cell are indicated as methods to initiate a reaction. b) Liquid-
phase TEM images showing the assembly of gold nanoprisms over time.221
Reproduced with permission from ref. 221. Copyright 2017 Nature Publishing
Group. c) Spatially-mapping the dynamic motion of nanorods leads to a color-
coded count of the total number of nanorods in each 5 nm by 5 nm pixel. d)
Plots of the radial distribution function and the pairwise interaction potential
of nanorods, extracted from the trajectories in part c).227 Reproduced with
permission from ref. 227. Copyright 2015 American Chemical Society............. 95



List of Tables

Table 3.1 Average Tm of DNA-Functionalized Nanoprism Assemblies Under
Various CONAItioNS. ... 58

Table 3.2 Average FWHM of Melting of DNA-Functionalized Nanoprisms ........ 59



List of Equations

Equation 3.1 Hill EQUAtiON. ...ccviismsmssmsmssssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssaes 46
Equation 3.2 Thresholding Behavior Caused by Multivalency ..........oosssmrnacacans 47
Equation 3.3 Thresholding Behavior Caused by Cooperativity .........c.osusmmnnseas 48

Equation 3.4 Thresholding Behavior Cause by Both Multivalency and

COOPETraAtIVILY .o —————— 48
Equation 3.5 Chaikin Model for Determining FWHM from Tm......ccocsnmnnnsnsasesans 61
Equation 3.6 Linear Form of the van ‘t Hoff Equation .........cccuviinnssssssssssssccsens 62

Equation 3.7 Correlation Between Singlet Fraction and Collective Equilibrium
01 1 1] 7 ) L 63



Nomenclature

AFM atomic force microscopy

AuNWs ultrathin gold nanowires

CTAB cetyltrimethylammonium bromide
dsDNA double-stranded DNA

FWHM full width at half maximum

HCP hexagonal close packed

NPs nanoparticles

SR super-resolution

ssDNA single-stranded DNA

TEM transmission electron microscopy

Tm melting temperature



Chapter 1

Introduction

For nearly half a century, scientific interest in the research and use of colloidal
metal nanoparticles has exploded. The development of the electron microscope has
allowed metal nanoparticle research to flourish as groups all over the world study
various ways to synthesize, control, and develop nanoparticles for use in a variety of
applications.! A variety of papers can be found discussing the properties of Al
nanocubes,? Au nanorods,? Ag nanoplates,* and more. But it is noteworthy that in the
nomenclature used to describe these nanoparticles, the ligands bound to the
nanoparticle surface are often ignored, typically focusing only on composition and
morphology. However, it is often the case that the ligands used are crucial for the
success of metal nanoparticle synthesis, growth, functionality, or application under
study.> 6 This chapter seeks to explore the crucial role ligands play in the development
of metal nanoparticles. We will first discuss the role ligands play in the synthesis and

growth of various nanoparticles before exploring how ligands affect the properties
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and function of nanoparticles. We will then explore deeper how ligands are used in
nanoparticle self-assembly before finishing with how ligands can be used to achieve
higher levels of self-assembly behavior from hierarchical self-assembly to dynamic
self-assembly and finally to dissipative self-assembly. It should be noted that while it
was Faraday’s work in 1857 reducing gold salt to make gold colloid that started the
path towards modern nanoscience, it is the ligands passivating the surface of the gold

colloid that allows them to remain colloidally stable all these years later.1.”

1.1. Ligands as Capping Agents

Wet synthesis methods to produce metal nanoparticles are one of the most
common methods seen in modern nanoscience today. This method involves taking a
metal salt and reducing it with some form of reducing agent to form the metal that
composes the nanoparticle core. However, if this is performed without some sort of
capping agent (or a ligand to stabilize the surface of the nanoparticle), bulk metal will
be formed rather than individualized particles. The reason for this is simple.
Nanoparticles have incredibly high surface area compared to more typical
macroscopic structures metals can form. A capping agent, whether that is a surfactant
or some other kind of ligand, is required to kinetically trap the metal atoms and
prevent them from reaching the thermodynamic minimum of a macroscopic metal
structure. To this end, in nearly every wet synthesis method, capping agents will be
present when the reducing agent is added to solution. The variety of capping agents
used are as numerous as the number of kinds of nanoparticles that exist. However,

there are a few common ones seen.®



For aqueous phase syntheses, surfactants (molecules with a hydrophobic
portion and a hydrophilic portion) are extremely common. The most famous of these
surfactants is cetyltrimethylammonium bromide (CTAB).6 With the use of this ligand,
numerous particles can be formed including Au nanopsheres,® Au nanoclusters,? and
Au nanorods.1? CTAB stabilizes the particles primarily by providing them with a
charged surface, as CTAB is a cationic ligand. As a result, electrostatic repulsion will
inhibit the nanoparticles’ ability to fuse back together or aggregate and precipitate

out of solution.!!

For organic phase syntheses, small molecule ligands that can provide a steric
barrier to prevent particle aggregation are seen more frequently.!! One of the most
common ligands seen in a variety of syntheses is oleylamine. With the use of
oleylamine, a large variety of organic-phase nanoparticles of various compositions
and morphologies can be formed, including magnetic “polypod-like” Co
nanoparticles,® bimetallic Au-Pd nanoparticles with “windmill” morphologies,1? and

ultrathin Au nanowires.13

Ligands are crucial for stabilizing particles during synthesis, but that is not
their only use in the production of nanoparticles. Ligands can also be used to guide
nanoparticle nucleation or growth to form nanoparticles of particular anisotropic

shapes.



1.2. Ligands as Growth Directors

To understand how we can control nanoparticle synthesis to synthesize
nanoparticles of specific anisotropic shapes, certain fundamentals of nanoparticle
synthesis must first be discussed. Nanoparticle synthesis is often divided into two
separate steps. The first of which is known as nucleation. This step occurs
immediately as the first metal ions are reduced to small particles composed of
metal(0) atoms known as nuclei. The second step, known as growth, occurs directly
after nucleation. During this step, metal atoms are added to collections of pre-existing
nuclei. There are two reasons we conceptualize synthesis this way. The first is that
there is a difference in energy between reducing a metal ion to form a nucleus
(homogeneous nucleation) and reducing a metal ion to add onto an existing nucleus
(heterogeneous nucleation). Generally, homogeneous nucleation is higher energy
than heterogeneous nucleation. This leads us to the second reason we conceptualize
synthesis as these two distinct steps. By taking advantage of the difference in energy
required to achieve homogeneous and heterogenous nucleation, we can further
separate the nucleation and growth steps. We can optimize the conditions to achieve
the highest quality and least polydisperse nuclei (sometimes called seed particles)
and then add those “seeds” to a growth solution composed of additional metal salt,
ligands, and a reducing agent that is not strong enough to cause homogeneous
nucleation but is strong enough to cause heterogeneous nucleation onto the added
nuclei. This extra step allows researchers to chemically tailor the growth solution to

encourage nanoparticles to grow in ways that might not be ideal for nucleation. As an
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example, this method is used in the synthesis of triangular nanoprisms. Spherical
“seed” particles are synthesized through fast addition of NaBH4, a powerful reducing
agent, to a solution of HAuCl4 and sodium citrate. The Au(III) is quickly reduced to
Au(0) since NaBH4 is a powerful enough reducing agent to cause homogeneous
nucleation, leading to the formation of small, citrate-capped seed particles. These
particles can then be added to a growth solution consisting of HAuCl4 and ascorbic
acid (among other chemicals that stabilize the particles and dictate growth towards
the formation of nanoprisms as discussed later). Before the seed particles are
introduced, ascorbic acid reduces the Au(Ill) to Au(I), but is not a strong enough
reducing agent to cause homogeneous nucleation by reducing Au(I) to Au(0). Once
the seeds are added, heterogeneous nucleation is possible since there is a pre-existing
Au surface, and as a result, ascorbic acid is able to reduce the Au(I) to Au(0) leading
to the growth of the triangular prism particles.1# But how does the growth solution
direct the growth of triangular nanoprisms rather than the formation of lower surface
area spherical particles? One of the main ways scientists can tailor the growth

solution is by controlling what ligands are present.®

Bulk metal is composed of atoms in a specific crystal structure. Nanoparticles
will typically match the crystal structure that they form when in bulk. Due to this
desired atomic packing, atoms will be added preferentially in specific locations and
directions, resulting in faceted objects. Ligands bind to different facets with different
strengths. As a result, specific ligands can passivate specific facets encouraging
growth in directions that expand those facets (Fig. 1.1).1> This can result in

nanoparticles with different morphologies. Returning to the example of the synthesis
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of Au nanoprisms, iodide is present in the growth solution. lodide preferentially binds
to the Au (111) facet. As a result, these facets are stabilized and it is less energetically

favorable for Au atoms to be added to those surfaces rather than other available

surfaces.14
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Figure 1.1 Ligands Direct NP Growth. A schematic showing the sameseed particle
being driven down two hypothetical growth directions depending on the presence of
either a capping agent (ligand) that preferentially binds (100) facets (red) or a
capping agent that binds (111) facets. Reprinted with permission from ref. 15.
Copyright 2015 American Chemical Society.

The reason scientists might want to develop nanoparticles with different
morphologies is that many properties of nanoparticles rely on their specific
structures.16 17 As a result, to achieve specific behaviors, nanoparticles of particular
morphologies must be used. A full breakdown of how morphology affects various
properties is beyond the scope of this work, however, controlling morphology is not
the only way to achieve a specific function with a system of nanoparticles. Controlling

their ligand chemistry is also effective.



1.3. Ligands for Nanoparticle Functionality

Nanoparticles show potential in a large number of fields, including optics,18
medicine,> 19 20 catalysis,?! and electronics.22 For all of these applications, the ligands
are crucial even if it is merely to stabilize the particles themselves. To illustrate how
ligands influence nanoparticles’ properties and as a result, their usefulness in specific

applications, here are a few specific examples.

Nanoparticles are being considered for a variety of medicinal functions from
improved contrast agents for diagnostic techniques to scaffolds for targeted
photothermal therapies.23 However, a major challenge in the use of nanomaterials in
medicine is their biocompatibility. Nanoparticles are often cleared from the body
quickly due to the natural immune response. Some success has been observed
functionalizing nanoparticles with the hydrophilic polymer poly(ethylene glycol)
(PEG). While this surface chemistry shows some improvements, upon repeated
treatments of PEG-functionalized nanoparticles, the immune system often responds
to their presence through the production of anti-PEG antibodies, which ultimately
cause clearance of the nanoparticles. Jiang et al discovered that by using the
superhydrophilic zwitterionic poly(carboxybetaine) as ligands, functionalized
particles demonstrate a prolonged circulation time in the body without a major
increase in the rate of clearance in subsequent treatments. It is thought that this is
due to the superhydrophilic nature of the poly(carboxybetaine) making it more

difficult for proteins to adsorb to the surface.24



Moving away from medicine to the field of optics, nanoparticles can interact
with light in numerous ways, such as gold and silver nanoparticles being able to
fluoresce. The degree to which these particles fluoresce can be influenced by their
ligand chemistry. Jin et al have demonstrated that the intensity of fluorescence of gold
nanoclusters can be enhanced through functionalization with ligands containing
electron-rich atoms (such as N or 0) and functional groups (such as carboxylic acids
and amines). These electron-rich species are better able to donate electron density to

the gold core, thus increasing its ability to fluoresce.2>

Finally, another major area of interest for the use of nanoparticles is catalysis.
Metal catalysts are extremely common for use in a large variety of commercial
chemical reactions. Metal nanoparticles are of major interest due to their
characteristically high surface-to-volume ratio, allowing for a much lower use of total
metal mass to achieve the same surface area as a macroscopic metal catalyst. One of
the major goals of much catalysis research is to discover catalysts with a high degree
of selectivity, so as to be able to synthesize a desired product with minimal waste. One
way selectivity can be altered is through control of the ligands functionalizing the
particles as evidenced by work performed by Shevchenko et al. In their work, they
use Pt and bimetallic Co/Pt nanoparticles (Figure 1.2a and b) to perform
hydrogenation reactions on alkynes. These reactions typically cause complete
hydrogenation of alkynes to alkanes, making them undesirable if instead the desired
product is an alkene. However, if the nanoparticles have been functionalized with
primary alkylamines prior to the reaction, the nanoparticles can catalyze the reaction

and form alkenes with over 90% selectivity (Figure 1.2c). The reason for this is that
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for the reaction to commence, the alkyne must bind to the nanoparticle, which is
possible because of its high electron donating ability. However, upon hydrogenation
to an alkene, the binding energy of the molecule is weakened and is unable to compete
with the high level of alkylamines present, thus causing it to desorb and leaving the

alkene as the final product.26

c) W octane [N 4-octene 4-octyne

Composition (%)

Pt CoPtj Pt CoPt,
+ amine + amine

Figure 1.2 Ligands Control Nanoparticle Catalyst Selectivity. TEM images of a) 3.5 nm
Pt nanoparticles and b) 4.5 nm CoPt3 nanoparticles used as catalysts for alkyne
hydrogenation reactions. c¢) The percentage of products formed from 4-octyne
hydrogenation using unfunctionalized Pt and CoPt3 nanoparticle catalysts and Pt and
CoPt3 nanoparticles in the presence of 0.13 M 1-octylamine. Reprinted with
permission from ref. 26. Copyright 2012 American Chemical Society

The ability for ligand chemistry to impact nanoparticle properties cannot be
understated. However, of particular interest is ligands’ ability to assemble

nanoparticles.
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1.4. Ligands for Self-Assembly

One of the functions ligands can mediate in nanoparticles is their ability to
form aggregates and assembled structures.16 27-30 This topic is being highlighted for
greater discussion as the self-assembly of nanoparticles can lead to even greater and
higher level functionality such as dynamic systems of nanoparticles, including “life-
like” systems of nanoparticles that assemble through dissipative self-assembly
methods. It should be noted that not all nanoparticle self-assembly is ligand-driven
(as evidenced by such cases as magnetic-driven self-assembly3! or self-assembly
caused by other driving forces such as drying effects32). However, ligand-controlled

self-assembly methods can be very powerful and precise.

The specifics of how ligands mediate self-assembly depend highly on the
particular system, but as a general statement, ligands mediate self-assembly by
affecting the attractive and/or repulsive forces acting between nanoparticles and the
system they reside in.2? For instance, as discussed previously, charged ligands cause
electrostatic repulsion between nanoparticles allowing them to maintain colloidal
stability. However, if two systems of nanoparticles with oppositely charged ligands
are introduced, there will be attractive electrostatic interactions between the
particles from the opposite systems. As a result, supercrystals of nanoparticles can be
obtained. This methodology was utilized by Grzybowski et al to assemble Ag and Au
particles into a diamond-like lattice. The Ag particles were functionalized with the
positively charged HS(CHz)1iNMes* molecule and the Au particles were

functionalized with the negatively charged HS(CH2)10COO- molecule.33
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Electrostatics are simply one force of many available to nanoscientists. Other
forces generated from control of nanoparticle ligand chemistry that can be leveraged
include hydrogen bonding,3* dipole-dipole interactions,3> and even covalent bonding
through functionalization of multiple particles using polyvalent ligands.3¢ Choosing a
single particular ligand to utilize a particular intermolecular force to assemble
particles is also not the only tool available for the design of complex assembling
systems. It has been demonstrated that particles can be functionalized such that
multiple ligands are added to the nanoparticle surface in specific “patches.”3”
Alternatively, anisotropic particles can display different local chemical environments
due to the non-consistent radius of curvature, resulting in areas with different ligand
chemistry.38 These patches can control the valency of nanoparticle-nanoparticle
interactions allowing for more complex interactions.3” For example, Grzybowski et al
has demonstrated that due to the non-consistent curvature of Au “nanodumbbells,”
the effective pKa of carboxylic acid presenting ligands change based on what area of
the nanoparticle the ligand is bound to (Fig. 1.3). As a result, through careful control
of pH, certain areas on the nanoparticle surface can be rendered negatively charged
while other areas are neutrally charged. This enables the formation of previously

unreported self-assembled “cross-stack” structures.38

The discussion thus far has been focused simply on the formation of
assemblies. However, a higher degree of complexity can be obtained when the ligand

interactions that cause assembly are reversible.
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Figure 1.3 Surface-Ligand Interactions Cause Patchy Particles. The titration of
carboxylic acid presenting nanodumbbells. The same molecule has a different
effective pKa when bound to the surface due to the difference in radius of curvature
across the particle. Reprinted with permission from ref. 38. Copyright 2013 Nature
Publishing Group.

1.5. Ligands for Dynamic Self-Assembly

One of the primary reasons ligand-driven self-assembly is of interest is the
ability to have dynamic systems rather than static systems. Many ligands are highly
responsive to various stimuli (including light,3> heat3° pH,*® other chemical
impetuses,*! etc.), and when bound to the surface of a nanoparticle, that
responsiveness can be translated to the nanoparticle as a whole. If those stimuli-
responsive ligands are involved in self-assembly, the nanoparticles will be able to
responsively assemble and even disassemble in response to those stimuli.4% 43 For
instance, DNA-functionalized nanoparticles can assemble through DNA base-pair
interactions. These interactions are labile and sensitive to heat. As a result,
assemblies can be disassembled through heating and then re-assembled upon further
cooling.3? The ability to reversibly assemble nanoparticles opens the door for even

further potential applications. For instance, Klajn et al demonstrated that the
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nanosized-pores inside of assemblies of spherical particles can be used as
“nanoreactors” where trapped molecules undergo chemical reactions at an increased
rate. While this has been observed using other porous materials such as zeolites,
there is a major challenge to release the products from such nanoreactors. To solve
this challenge, Klajn et al functionalized nanoparticles with ligands terminating in a
trans-azobenzene moiety. Upon irradiation with UV light, the molecule undergoes
trans-cis isomerization, forming cis-azobenzene. Due to the polar nature of this
isomer, dipole-dipole interactions cause assembly of the nanoparticles. However,
upon irradiation with visible light, these azobenzene moieties undergo cis-trans
isomerization, changing the polarity, and as a result, disassembling the nanoparticles
and releasing the molecular products trapped in the pores. This process can be

repeated as needed until the reaction goes to completion (Fig. 1.4).44

The transition between the assembled and disassembled state can also be
highly sensitive in certain systems.3? This sensitivity opens the door for a variety of
potential applications, including sensing.*3 Understanding how to instill dynamic
responsiveness in nanoparticles and ideally increasing their ability to respond
sharply with a degree of sensitivity continues to be a major goal for the field of
dynamic self-assembly (and is discussed more thoroughly in Chapter 3). It’s possible
that by being able to control the sharpness of the assembly transition, higher levels of

complexity can be obtained in self-assembled systems.
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Figure 1.4 Stimuli-Responsive Ligands Enable Stimuli-Responsive Assembly.
Schematic demonstrating the assembly of particles through irradiation of UV light
and the resultant formation of “nanoflasks” before being disassembled through
irradiation of visible light and the release of the resulting product. Reprinted with
permission from ref. 44. Copyright 2016 Nature Publishing Group.

1.6. Ligands for Complex Self-Assembly

Utilizing ligands to control the assembly states of nanoparticles is a powerful
tool. However, the more sophisticated the assemblies of the nanoparticles, the greater
potential they have. The field of self-assembly has progressed greatly over the
decades, but as of yet, the most complex types of assembly have so far only been
consistently achieved sporadically. Greater understanding of the necessary design

principles are required before such systems can become common.

One such type of complex self-assembly is hierarchical self-assembly. This
type of self-assembly involves the sophisticated assembly of components into
ordered structures at multiple length scales.*> This is analogous to amino acids being

assembled into functional proteins. The amino acids are assembled into a linear
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sequence that is then folded to form secondary and tertiary structures that enable the
function of the protein. To fully understand the structure of the protein, the protein
must be examined on each of these levels.#¢ While not nearly as sophisticated as the
complex structure of proteins, there have been advancements in the formation of
nanoparticle assemblies with analogous hierarchical structure. One of the most
consistent methods to produce these hierarchical structures is through use of a
template or mold. By using techniques such as electron-beam lithography, substrates
can be patterned with nanoscale precision and chemically treated to tailor particular
nanoparticle-substrate interactions. Commonly, the interactions tailored utilize the
chemical nature of the ligand bound to the nanoparticle.*> As an example, Reinhard et
al developed a hierarchical assembly of Au nanoparticles onto a substrate for the
development of a material designed to perform surface-enhanced Raman
spectroscopy (SERS). These “nanoparticle cluster arrays” were formed by first using
electron-beam lithography to form nanoscale wells that could then be functionalized
with a positively charged ligand. Nanoparticles with negatively charged ligands were
introduced to the system resulting in the formation of small clusters nanoparticles
assembling in the wells. This enables the formation of a hierarchical assembly where
the assembly must be characterized on both the level nanoparticle level (such as how
many particles are in each cluster and their relative degree of order) as well as the
cluster level (such as the order and spacing with which the wells were patterned onto
the substrate).#” Hierarchical assemblies such as these have arisen due to the high
level of understanding achieved by the self-assembly community. This push for

greater complexity in self-assembled systems will continue to demonstrate more
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powerful avenues for nanoparticles to be applied to many more challenges faced in

science.
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Figure 1.5 Dissipative Assembly Explores Significantly Different Phase Spaces than
Equilibrium and Metastable Assemblies. a) A schematic showing the consumption of
energy used to activate a hypothetical self-assembly process. b) A comparison of the
energy landscape of equilibrium states, kinetically trapped or metastable states, and
dissipative states. Reprinted with permission from ref. 48. Copyright 2017 Royal
Society of Chemistry.

The various types of self-assembly that have thus far been discussed have
immense potential. However, it is the opinion of this author that the true pinnacle of
self-assembly is dissipative self-assembly. This method of self-assembly requires the
input of energy. This may seem like a limitation, but since these assemblies exist often
far out of equilibrium, extremely nuanced and interesting properties are possible.
This energy-intensive type of self-assembly is after all, how many biological systems

operate, allowing them to perform extremely complex tasks necessary to sustain life.
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This topic is explored more thoroughly in Chapter 4, but briefly, dissipative self-
assemblies are able to access thermodynamic states vastly different from equilibrium
or kinetically trapped states due to the constant influx of energy exciting them (Fig.
1.5).48 As a result, these assemblies demonstrate the potential for properties not
possible for more traditional assemblies. Dissipative self-assemblies can demonstrate
adaptability, being able to respond to changes in the environment by changing
themselves. They can also demonstrate a somewhat opposite behavior: responding
to perturbations by returning to their original state, otherwise known as self-healing.
And finally, they have the potential to self-replicate.#® We know these properties to
be true, although mostly from observing naturally-occurring dissipative assemblies,
rather than perfectly being able to develop these systems synthetically. There have
been few examples of dissipative self-assembly on the nanoscale due to the challenge
of designing such systems. However, some examples do exist, including the
previously discussed work by Klajn et al. The cis-azobenzene isomer is not stable and
will over time or with perturbations (such as visible light or heat) revert to the more
stable trans-azobenzene isomer. The nanoflasks are an example of dissipative self-
assembly, requiring the constant input of energy in the form of UV light to remain

stable.*4

It is my view that these out-of-equilibrium techniques are the next step for
self-assembly and nanoscience as a whole. However, a much greater understanding
of the design principles to synthesize such materials must be obtained. As a result,
more work studying higher level ligand behaviors is necessary to achieve this.

Developing greater synthetic control is not the only hurdle. More powerful analytical
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tools are necessary to probe the behaviors of these systems that need to be studied at

extremely high spatial and temporal resolutions.>0

1.7. Conclusion

Understanding ligands is crucial to understanding systems of metal
nanoparticles. Ligands are essential to the stability of metal nanoparticles and clever
use of functional ligands enables a high degree of control over the properties and
behaviors of nanoparticles. It should be noted that many proteins and other high-
functioning biological materials exist on the nanoscale. These biological materials are
responsible for the complexity of life, and there’s no fundamental reason these same
attributes couldn’t be instilled in synthetic systems. With further understanding and
precise control over ligand chemistry, someday people will be able to develop

synthetic nanoparticle-based systems on the same order of complexity.
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Chapter 2

Controlling the Assembly State of
Ultrathin Gold Nanowires Through
Stimuli-Responsive Ligands?

2.1. Introduction

Ultrathin gold nanowires (AuNWs) are a class of one-dimensional

nanomaterial which display a unique array of structural and physical properties. With

1 This work was produced as a collaboration between David Marolf, Theo Gerrard-
Anderson,Rohan Pillai, and Joe Khoury. Material in this chapter is being prepared into a manuscript
with Marolf and Gerrard-Anderson as cofirst authors that will be submitted to a peer-reviewed journal.
This research used resources of the Advanced Photon Source, a U.S. Department of Energy (DOE) Office
of Science user facility operated for the DOE Office of Science by Argonne National Laboratory under
Contract No. DE-AC02-06CH11357.
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lengths greater than 1 um while being only ~2 nm in diameter, ultrathin gold

nanowires are exceptionally anisotropic with an aspect ratio in excess of 10,000.51 52

While several groups were developing AUNW syntheses simultaneously,>3-3> a
simple room temperature protocol involving the sonication of an HAuCls solution in
oleylamine (OLAM) from Peidong Yang's group became the basis for further
improvements.13 In 2009, Feng H. et al developed a synthetic protocol which could be
carried out at room temperature and completed within a day due to the addition of
triisopropylsilane as a reducing agent.>¢ This protocol and minor modifications of it
would go on to become the standard in the field and now AuNWs can be synthesized
rapidly and in large quantities with minimal impurities.>” AuNWs as synthesized
possess a unique tetrahedrally close packed gold lattice with a structure identical to
that of the structure of bulk manganese,>8 and their surfaces are coated with OLAM

bound via the amine.>

The high aspect ratio of AuNWs grants them an unparalleled flexibility among
noble metal nanostructures, having a calculated persistence length of 758 nm,0 and
bending with a radius of curvature as low as 20 nm without fracture.®! This flexibility
in combination with their electrical conductivity makes AuNWs appealing for

applications in flexible electronics and mechanical sensing,.>2 61-64

The interactions of AuNWSs in solution, by their nature as colloidal
nanoparticles, are mediated by the ligands or surfactants bound to their surfaces. To

be able to fully control AuNW fabrication and assembly, attempts have been made to
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control their surface interactions. As synthesized, AuNWs undergo bundling owing to
an attractive depletion-driven interaction caused by unbound OLAM in solution, and
it has been shown that the level of bundling can be controlled via OLAM
concentration, nanowire concentration, and temperature.>% 6> AuNWs have also been
subjected to surface ligand exchanges to produce nanowires coated with phosphines,
thiols, and amines. For example, El Said A. Nouh et al were able to control the inter-
nanowire distance in bundles of AuNWs by exchanging oleylamine for shorter
trioctylphosphine.®® Because AuNWs undergo decomposition into spheres over time
due to Rayleigh instability,®” attempts have been made to further stabilize the AuNWs
through ligand exchanges with varying degrees of success.?8-70 Research has begun
exploring the effects of ligand exchange to control the assembly state of nanowires,
but the field is yet to see an attempt to functionalize AuNWs with a ligand capable of
undergoing switchable supramolecular interactions (either responding to
temperature, light or, a chemical stimulus) enabling dynamic control of assembly
state, such as those seen in work involving the assembly of less anisotropic
nanoparticles.”?. 72 These typically involve ligands that can utilize hydrogen bonding,
metal ion chelation, dipole-dipole interactions, electrostatic interactions, or some
other switchable supramolecular force to initiate assembly. The ability to dynamically
trigger assembly and exercise control over the assembly’s energy landscape using
carefully designed supramolecular ligand systems would allow an unprecedented

level of control over materials fabricated from AuNWs.
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In this work we demonstrate the functionalization of AuNWs with a
carboxylic-acid-terminated ligand and their subsequent phase transfer from hexane
into water. We also demonstrate the ability to control nanowire assembly via
controlling the pH and the presence or absence of divalent metal cations. The
structure of the resulting AuNW assemblies is elucidated via small angle X-ray
scattering (SAXS). Additionally, we demonstrate preliminary work using these

assembly techniques to form fibers composed of AuNWs .

2.2. Results and Discussion

2.2.1. AuNW Functionalization with HS(CH2)11(EG)sOCH2COOH

As mentioned above, as-synthesized AuNWs are capped with OLAM in a
solution of hexane and form bundles of varying sizes..>® For the goal of controlling
assembly state, it is desired to begin with the AuNWs in an individualized state rather
than already bundled. To this end we developed a protocol for the functionalization
of AuNWs with the ligand HS(CH2)11(EG)70CH2COOH and their subsequent phase

transfer to water.

Briefly, following an AuNW synthesis protocol adapted from literature,!3 the
AuNWs are washed of OLAM three times using ethanol to prepare them for
functionalization. The washed AuNWs in hexane are then introduced to a 16 mM

aqueous solution of HS(CH2)11(EG)sOCH2COOH and vortexed resulting in the
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formation of an emulsion which collapses over the course of the next 24 hours leaving

the AuNWs in the aqueous phase (Fig. 2.1a and b).

Following centrifugation and washing at 2k rcf overnight to remove excess
HS(CH2)11(EG)sOCH2CO0H, TEM images of the functionalized AuNWs show they
survive the process intact with little alteration in their appearance (Fig. 2.1 c and d).
However, image analysis of AuNW lengths before and after functionalization shows
that there is a reduction in average length, possibly owing to the forces exerted on the

AuNWs while being vortexed during phase transfer or during the centrifugation step.

HS(CH2)11(EG)sOCH2COOH binds to AuNWs via the thiol moiety, owing to
sulfur’s exceptional binding strength with gold in comparison to carboxylic acids.”3
The carboxylic acid presented to the solution makes the wires more soluble in the
aqueous phase (which can be further aided if needed through raising the pH,
deprotonating the carboxylic acid, and making the resultant AuNWs negatively
charged), resulting in the observed phase transfer. Finally, the nanowires no longer
bundle as the depletants (the free oleylamine molecules) have been removed from
solution and no other molecule in solution behaves as such. Observation of the
aqueous AuNW dispersion under a microscope shows few visible aggregates and no
bundles, and a SAXS spectrum exhibits no structure factor, indicating that total

individualization of the AuNWs has been achieved.
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Figure 2.1 Nanowire Functionalization. a) Pictures of the functionalization mixture at
different stages. The dark color is due to the presence of nanowires. b) An illustration
of the oil-in-water emulsion formed upon mixing the nanowire-containing hexane
phase with the ligand-containing aqueous phase. Presumably, a Pickering emulsion
forms with the nanowires resting at the interface before thiol-Au bonds form,
ultimately pulling the nanowire into the aqueous phase. c) TEM image of the
nanowires as-synthesized. d) TEM image of the nanowires after functionalization.

2.2.2. AuNW Assembly Using Caz+

It is well known that divalent cations, and calcium(II) specifically, can cause
the assembly and aggregation of species containing carboxylic acid groups, famously
so in the case of alginate gels.”#75 In order to bind strongly to Ca?*, the carboxylic acid

group (COOH) needs to be deprotonated to a carboxylate group (COO-), after which it
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can bind to a Ca?* ion in either a monodentate or bidentate fashion, although the
bidentate mode is more thermodynamically stable.”¢ A single Ca2* ion is capable of
accepting two COO- groups, which allows it to act as a cross linker between species,
as is the case with calcium alginate gel. Due to sterics, interparticle binding is
preferred allowing a single Ca%?* to act as a cross linker between AuNWs
functionalized with HS(CH2)11(EG)séOCH2COOH by binding to COO- groups on two

different nanowires.

Briefly, the assembly of AuNWs by Ca2* was induced as follows. To increase
the number of binding sites on the AuNWs for Ca?+, the solution is made basic using
KOH. Following this, Ca?* is added in the form of CaClz and the solution is vortexed.
Depending on the pH of the solution and the concentration of calcium, assembly

occurred within 24 hours yielding a dark flocculate.

Figure 2.2a shows X-ray diffraction spectra of AuNW aggregates assembled
with different concentrations of Ca2* and different pHs from an AuNW dispersion of
3.2 mg/mL. At pH 7 and with no Ca?*, there are no Bragg diffraction peaks indicating
no assembly has taken place. At pH 7 and 0.5 M CaClz there are distinct peaks
indicating assembly. Under more basic conditions (pH 11) holding the same CaCl2
concentration, the peaks become more pronounced with a peak intensity ratio of 1.5
between them. The presence of sharp Bragg peaks indicates long range order within
the AuNW assemblies. The increase in intensity between pH 7 and pH 11 without an

obvious change in peak width implies an absolute increase in the quantity of
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assembled AuNWs, thus indicating that at higher pH the number of AuNWs which will
assemble from solution is higher due to having more COO- moieties available for Ca2*

binding.

The peak position ratio of the SAXS spectrum (from lowest q to highest q) is
1:4/3:v/4:4/7:3, which indicates the Ca2*-assembled AuNWs pack in a 2D hexagonal
close packed (HCP) configuration.”” This packing configuration provides the largest
possible surface area contact between AuNWs, allowing maximization of -CO0O--CaZ2*-
‘O0C- cross-linking interactions, suggesting the assembly is driven

thermodynamically.

The centre-to-centre inter-nanowire distance (d), calculated from the (10)

peak using d = 27” , is 739 nm. The calculated end to end length of
HS(CH2)11(EG)sOCH2COOH at full extension is 4.04 nm. Taking into account the the
~2 nm diameter of AuNWs>8 and the 99 pm ionic radius of CaZ*, we can estimate that
d at full ligand extension would be 10.5 nm. As the actual value is 7.39 nm, we can

infer that the HS(CH2)11(EG)sOCH2COOH molecules bound to the AuNWs are in a

partially coiled state.

Experiments were also conducted attempting to use divalent metal cations
other than Ca2* to induce assembly. It was found that Mg2+, Ba2+, Pb2+, and Zn2* also
induce assembly in a similar manner to Ca?*, with assemblies forming particularly

rapidly in the case of Pb2* and Zn?2*.
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A potential alternate mechanism for assembly is that of electrostatic screening
caused by the introduction of the calcium salt reducing the repulsive forces such that
the AuNWs assemble through van der Waals interactions. To test which mechanism
was primarily responsible, control experiments replacing the CaClz solution with
solutions of excess KCI were carried out. In these controls, the AuNW solution was
brought to pH 11 in the presence of 4.5 M KCI and no assembly occurred, as
determined visibly by eye and through SAXS measurements. Considering the ionic
strength of the solution in the control experiment was approximately 4.5 M and the
ionic strength of the Ca2*-containing solutions in Figure 2.2a was approximately 1.5
M, the fact that no assembly occurred with the higher ionic strength solution indicates
that the Ca2*-induced assembly of AuNWs is not driven by charge repulsion screening
due to an increase in ionic strength of the solution (although this probably plays some
effect to allow the nanowires to become close enough to crosslink) and the primary

mechanism must be via cross-linking induced by Ca2* chelation.
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Figure 2.2 Nanowire Assembly Through Ca2* Chelation. a) SAXS spectra of three
samples of AuNWs varying CaClz and pH. Dotted vertical lines are added to guide the
eye. b) An illustration of the HCP structure formed from bundled nanowires. The
nanowires are viewed from the tips for ease of viewing. c) An illustration of the Ca%*
chelate linkages between nanowires.

2.2.3. AuNW Assembly in Acidic Conditions

While in a deprotonated state the carboxylate group of

HS(CH2)11(EG)6sOCH2COOH is capable of causing AuNW assembly via Ca?* cross-
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linking, this mode only represents half of its supramolecular functionality. It is well
known that molecular carboxylic acids, while protonated, can under undergo
hydrogen bonding (H-bonding) with each other?8 due to the fact that carboxylic acid
moieties contain both an H-bond donor in the form of O-H and an H-bond acceptor in
the form of the lone pairs on the C=0 oxygen. This “double H-bond” is strong enough
to cause acetic acid to dimerize even in the gas phase.”® This hydrogen-bonding
mechanism can also be leveraged to form hydrogen-bonded polymers in either
liquids or crystalline solid phases.8? This capability of carboxylic acid groups also

allows us to assemble AuNWs through H-bonding in acidic conditions.

The assembly of AuNWs under acidic conditions can either be performed
through addition of HCI to lower the pH or through use of buffers to hold the pH
constant. Assembling AuNWs through use of HCl addition is simple: addition of HCl is
followed by vortexing and within 24 hours the AuNWs assemble yielding a dark
flocculate. However, due to the small volumes but high concentrations required for
SAXS analysis, it is impossible to test the exact pH of samples formed in this way using
the pH probe setup we have available. In addition to the simple HCl addition method,
a series buffers at varying pHs were used to help test how assembly state changes
precisely with pH. Concentrated solutions of functionalized AuNWs were added to

buffer solutions and then loaded into capillaries.
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Figure 2.3 Nanoparticle Assembly Under Acidic Conditions. a) SAXS spectra of three
samples of AuNWs varying pH hrough HCI or NaOH addition. b) An illustration of the
hydrogen bond linkages between nanowires. c¢) SAXS spectra of five samples of
varying pH through use of buffers. d) An illustration of the possible lamellar structure
formed from AuNWs assembled under acidic conditions using buffers.

Figure 2.3a shows X-ray diffraction spectra of 6.4 mg/mL AuNW solutions
brought to different pH values by the addition of HCl in the presence of 4.3 M KCL The
structure peaks exhibited by the AuNWs in acidic conditions indicate assembly is
occurring. The peaks displayed in the pH 2 are broader than the peaks seen during
Ca?* induced assembly, indicating a lower degree of ordering or a smaller domain

size. The peak position ratio of the pH 2 trace is 1 : 1.86 : 2.88. Given that 1.86 is the

average of v/3 and V4, and 2.88 differs from the average of v/7 and 3 by only 2% (the
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ideal peak position ratios of 2D HCP crystals) we can see that the second and third
peaks in the pH 2 trace are actually convolutions of the peaks of an ideal 2D HCP
lattice, indicating that the structure observed in the pH 2 trace does not exhibit a high

degree of long range order but is approaching a 2D HCP structure. The centre-to-

centre inter-nanowire distance (d), calculated from the (10) peak using d = %ﬂ , Is

6.71 nm, a 9.2 % smaller d spacing than for Ca2* induced assembly, despite the AuNWs
being capped with the same ligand. The 6.8 A difference in d spacing can be fully
accounted for by the lack of a Ca2* ion in between ligands. The Ca-O bond length in
carboxylate complexes is ~2.4 A, and the ionic radius of Ca2+ is 0.99 A.76 Considering
the presence of Ca-O bonds on either side of the calcium ion, and its own diameter,
we get a distance of 6.8 A, accounting well for the difference in d-spacing. This
suggests that the ligands adopt similar positions and orientations no matter the
mechanism of assembly, but in one case must be spread further apart to

accommodate the ion.

We additionally tested the affect of ionic strength on AuNW assemblies in
acidic conditions. Figure 2.4a shows AuNW assemblies at pH 2 with 0, 0.3, and 4.3 M
KCL. It can be seen that peak sharpness increases as [KCl] increases from 0 to 0.3 M,
but there does not appear to be additional benefits to increasing [KCl] to 4.3 M. The
increase in peak definition implies an increase in ordering as ionic strength increases.
This is likely due to a decrease in the strength of inter-AuNW electrostatic

interactions due to charge screening affects. At pH 2, all COO- groups on the AuNWs
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should be protonated and therefore not charged, so these groups are not likely to be
contributing to this effect. It is possible that there may be oleylamine remaining in the
ligand shell from before functionalization with HS(CH2)11(EG)sOCH2COOH. These
oleylamine ligands would be protonated into a positively charged oleylammonium
state at pH 2, and neutralization of their repulsive electrostatic interactions at higher

ionic strengths could contribute to the observed increased ordering.
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Figure 2.4 The Effect of Salt Concentration on Acidic Assemby, and Reversibility of the
Acidic Assembly. a) SAXS spectra of three samples of AuNWs at pH 2 varying KCI.
Dotted vertical lines are added to guide the eye. b) SAXS spectra of AuNWs
demonstrating reversibility. AuNWSs can be assembled through addition of acid and
disassembled through addition of base. This process is reversible upon addition of
more acid.

We also tested the reversibility of the assembly. In Figure 2.4b, it can be seen

that wires, having been assembled at low pH, would disassemble once HCl was
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neutralized with KOH. Assembly can be induced again with the addition of further
HCL. This dynamic reversibility is promising for the potential development of stimuli-

responsive “smart” materials.

It was expected that the samples where buffers were used to control pH would
show a similar structure, however, that was not the case. Figure 2.3c shows X-ray
diffraction spectra of 6.4 mg/mL AuNW solutions and any aggregates contained
therein at different pH values. At higher pH values the COOH groups are
deprotonated, causing the AuNWs to be individualized and thus no peaks are seen. As
the pH is lowered, the AuNWs begin to assemble and diffuse scattering peaks can be
seen at pH 5.8. These pseudo Bragg peaks have a positional ratio of 1:2:3:4 which, in
combination with their diffuse nature, is indicative of the formation of some type of a
layered or lamellar phase.81 The diffuse nature of the peaks is explained by fluctuation

in the size of the layers and imperfect ordering of the overall structure.82 The

interlayer spacing, calculated from the first peak on the pH = 5.8 trace using d = %”,

is 11.8 nm, which is slightly too large to suggest H-bonding between ligands. The
centre-to-centre distance between two AuNWs joined by H-bonds between COOH
groups on the end of HS(CH2)11(EG)sOCH2COOH ligands at full extension is ~11 nm.
This value represents a maximum inter-AuNW distance, and so we can assume that
the d spacing derived from pH = 5.8 SAXS trace, as it is larger than 11 nm, is
representative not of the spacing between AuNWs but of the spacing between these

layered elements. It is difficult to discern how exactly these layers are structured as
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the 2D diffraction data is isotropic indicating that many domains of differing
alignment are present. Due to the flexibility of AuNWs, it is possible that in this
instance they are crystallizing into lamellae with an amorphous internal structure but
a periodicity between them. The pH 4.8 trace in Figure 2.3c contains more diffuse
peaks than the pH 5.8 trace but still maintains the same peak position ratio. The pH
4.8 trace is also shifted down by 0.003 A-1 implying larger spacing between layers. At
pH 3, the structural features of the SAXS trace are much diminished, implying minimal

long-range ordering of any sort at this low pH.

The reason for the formation of a lamellar type order in the case of acid-driven
assembly rather than a hexagonal packing is still an open question, as is exactly why

this structure forms when buffer lowers the pH as opposed to HCL

2.2.4. AuNW Fiber Extrusion

This work so far demonstrates the ability to functionalize AuNWs and, through
management of their resulting surface chemistry, control their assembly states in
solution. However, while control of assembly state in solution very likely will impact
their formation into useful materials, more work needs to be done to directly
investigate how functionalization with carboxylic acid-presenting thiols affects

resulting materials.

To begin this endeavor, we spun fibers composed of AuNWs functionalized

with 11-mercaptoundecanoic acid (MUA) utilizing a wet spinning method previously
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used to spin fibers from carbon nanotubes (CNTs).83 8¢ MUA has similar chemical
properties to and was used in lieu of HS(CH2)11(EG)6OCH2COOH to reduce cost given
the larger volumes of sample needed for this method. In this method, a concentrated
solution of AuNWs is forced through a spinneret into a coagulant solution. In our
experiment, we wanted to determine how fibers formed from AuNW-AuNW
interactions caused by acidic conditions would differ from fibers formed from AuNWs
binding through calcium chelation. To this end, the same batch of functionalized
AuNWs were extruded into two different coagulant solutions. The first solution
contained 100 mM HCl and 300 mM NaCl to induce assembly through acidic
conditions. The second solution contained 100 mM KOH and 100 mM CacClz to induce
assembly through Ca2+ chelation. These solutions were made to match ionic strength,
so any differences observed should only be from the difference in the intermolecular

forces at work assembling the AuNWs .

Extruding AuNWs under acidic conditions leads to stretchable fibers that can
be lightly manipulated (Figure 2.5a). They are not very mechanically strong and so
are prone to breaking before they could be spooled. However, small strands of fibers

in the span of inches can be formed and even removed from solution (Figure 2.5b).

Despite the strength of Ca2+-carboxylate chelates, extruding AuNWs into the
calcium-containing solution produced poor fibers (Figure 2.5c). These structures
were extremely prone to breaking and attempts to pull them out of the solution led

to fragmentation (Figure 2.5d). One hypothesis as to this strange behavior is the
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strength of the Ca2+-carboxylate chelates actually leads to a stronger, but more brittle
fiber. While the fibers formed under acidic conditions are somewhat elastic, the fibers

formed from Ca2* chelation are unable to deform as easily leading to breaks.

This work demonstrates a preliminary and qualitative study into the material
properties of carboxylic acid-presenting AuNWs, but already we have demonstrated
significant changes in a material composed of the same starting material. Further
study will continue to show that our ability to control the surface chemistry of AuNWs

on the molecular level will affect the macroscopic properties of the final material.
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Figure 2.5 Macroscopic Fibers Formed From Nanowires. a) Frames of a video showing
the extrusion of fibers into a coagulant bath containing 100 mM HCl and 300 mM NacCl.
b) Images of fibers collected from the acidic coagulant bath. c) Frames of a video
showing the extrusion of fibers into a coagulant bath containing 100 mM NaOH and
100 mM CacClz. d) Images of fragments of fibers collected from the Ca2*-containing
coagulant bath. Larger fibers could not successfully be removed from the bath due to
their brittle nature.

2.3. Conclusion

The work shown here represents a significant development in our ability to

manipulate AuNWs with a fine degree of control, first of all in developing a robust
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ligand exchange and phase transfer procedure, as well as subsequently using a
supramolecular system with two assembly functionalities yielding different
structures and properties. We have demonstrated the successful phase transfer of
AuNWs to water with a supramolecularly active ligand, a process which can be
extended to other thiols. Additionally, we now have the ability to assemble AuNWs
using either hydrogen bonding or metal chelation. The ability to trigger the assembly
via the introduction of a chemical stimulus, and indeed to disassemble the AuNWs in
the case of hydrogen bond driven assembly, exhibits a level of dynamicity in AuNW
assembly not before seen. Beyond in solution assembly, this control has implications
for = materials fabrication from AuNW inks functionalized  with
HS(CH2)11(EG)sOCH2COO0H, allowing material properties of fibers or films to be

altered depending on chemical environment.

2.4. Materials and Methods

2.4.1. Ultrathin Gold Nanowire Synthesis

Ultrathin gold nanowires were synthesized and washed adapted from a
protocol by Yang et al.13 Briefly, 20 mg HAuCl4.3H20 were added to 1.35 mL n-hexane,
followed by 330 uL. 70% technical grade oleylamine. The resulting solution was
vortexed and 500 uL triisopropylsilane was added followed by a second round of
vortexing. The reaction was left to occur for 12 hours. This basic synthesis can also be

scaled up to at least 40 times without any apparent loss of AuNW quality or purity.
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2.4.2. Ultrathin Gold Nanowire Functionalization with

HS(CHz)11(EG)sOCH2COOH

8 mL ethanol was added to the crude product causing the nanowires to
aggregate. The product was centrifuged at 500 rcf for 5 mins, the supernatant was
removed, and the nanowires were resuspended in 2.5 mL of hexane. The nanowires

were washed twice more using the same conditions.

The washed nanowires were then added to a solution of 10 uL
HS(CH2)11(EG)sOCH2COOH in 1 mL H20 and vortexed for 7 seconds followed by a 10
second pause and another 7 seconds of vortexing. The resulting emulsion was left for
12 hours for the functionalization to come to completion producing a
hexane/H20/nanowire gel. 20 uL aqueous 2 M KOH solution was added to the
nanowires to break up the gel. The resulting solution was then diluted with 11 mL
H20 and centrifuged at 2000 rcf for 12 hours. The supernatant was carefully removed

and the sediment was resuspended in 50 uL H20 leaving a concentrated nanowire ink.

2.4.3. Ultrathin Gold Nanowire Assembly

Nanowire assembly solutions were fixed at a total of 40 uL in order to fit into
the X-ray diffraction capillaries. Solutions were fully prepared externally before being
added to the capillary. In the case of assembly driven by divalent cations nanowires

were added to water followed by KOH then the divalent salt. In the case of assembly
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under acidic conditions nanowires were added to water followed by NaCl followed by

HCL

2.4.4. Ultrathin Gold Nanowire Fiber Extrusion

AuNWs were synthesized in the same manner above except
HS(CH2)11(OCH2)7COOH was replaced with 11-mercaptoundecanoic acid and the
synthesis was scaled up forty times (using 800 mg HAuCls+.3H20) before being
concentrated to 2.8 percent AuNWs by volume. These AuNWs were loaded into a
syringe and passed through a filter composed of two membranes (a 1.5 in., 40 mesh
membrane and a 36 mm, 500 mesh) to remove any large aggregates before being
extruded through a 150 um spinneret at a rate of 0.036 mL/min. As fibers began to
be extruded, wires were pulled gently with a wooden spatula to aid in formation. A
gently rotating spool would ideally have been used to keep the draw speed consistent
but the wires were too fragile to be pulled that far without breakage, leading to

inconsistent diameters.

2.4.5. SAXS Measurements

Small angle X-ray scattering (SAXS) measurements were carried out under
ambient conditions at the 12-ID-B beamline of the Advanced Photon Source at
Argonne National Laboratory. X-rays with an energy of 14 kev were used. Exposure

times varied between 0.1 and 1 seconds. The samples were contained in
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Charlessupper special glass capillary tubes with a 1.5 mm outer diameter, 80 mm

length, and 0.01 mm wall thickness.

2.4.6. Materials

70% technical grade Oleylamine, 99.9% HAuCl4.3H20, triisopropylsilane,
hexanes, CaClz, MgClz, BaClz, ZnClz, PbClz, KOH, NaOH, 37% hydrochloric acid, and
mercaptoundecanoic acid were all purchased from Millipore-Sigma.

HS(CHz2)11(OCH2)7COOH was purchased from Prochimia.
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Chapter 3

Investigating Thresholding Behavior in
Equilibrium and Nonequilibrium
Nanoparticle Assemblies

3.1. Abstract

Biology utilizes cooperativity and multivalency to grant systems sharp
transitions between states, also known as thresholding behavior. Developing artificial
systems with a high degree of thresholding is advantageous for the development of
dynamic and responsive materials. DNA-mediated nanoparticles have been shown
for decades to be a well-controlled system that assembles through collective
interactions of thousands of surface-bound DNA strands. By controlling whether or
not the DNA strands are duplexed, we can control the flexibility of the DNA and as a

result, the degree of thresholding.
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3.2. Introduction

Synthetic structures assembled from colloidal nanoparticle building blocks
have the opportunity to revolutionize materials discovery, as these architectures
exhibit novel optoelectronic properties as a function of both the particle size/shape
and their relative arrangement.8> 86 However, the vast majority of lithographically-
defined or self-assembled nanomaterials are static, incapable of changing their
structure in response to external stimuli, and thus have a singular set of immutable
properties.30 Biological systems, on the other hand, have developed exquisite
chemical strategies that allow them to adapt and reconfigure due to changes in their
environment.87 In many cases this behavior requires a non-linear response to stimuli,
i.e. increasing the concentration of an analyte by a small amount elicits a large effect.88
The ability to imbue synthetic nanoparticle-based systems with similar non-linear
interactions would allow for a new class of materials capable of autonomous

reconfigurability of structure and properties in response to external stimuli.

The two most ubiquitous processes that govern non-linear interactions in
biological systems are cooperativity and multivalency. A cooperative interaction
occurs in a system of identical subunits when the binding of one analyte results in
electrostatic or conformation changes in neighboring subunits that makes
subsequent binding of the same analyte more or less favorable (Figure 3.1a). In a
system with positive cooperativity, one binding event makes the neighboring binding

events more favorable, resulting in a thresholding behavior characterized by a sharp
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transition between a fully bound state and a fully unbound state. A related
phenomenon known as multivalency (Figure 3.1b) occurs when one binding event
does not result in electro-static or conformational changes to neighboring subunits
but nonetheless shows the same thresholding behavior.8° Multivalent interactions
begins with an initial intermolecular binding event. All subsequent binding events can
be considered intramolecular interactions since the multivalent host and guest
molecules are confined together, typically resulting in more favorable binding events
after the first initial binding event. However, because thresholding behavior is
observed in both cooperative and multivalent systems, it remains a significant
challenge to differentiate the two effects. Moreover, many biological systems or
model complexes are simultaneously multivalent and co-operative (Figure 3.1c),
further complicating the ability to understand the chemical mechanisms that underlie
their behavior. A deeper understanding of these phenomena are important for the

development of synthetic systems that display a high degree of thresholding.
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Figure 3.1 Cooperativity and Multivalency. a) A model of a cooperative system. b) A
model of a multivalent system. c) A model of a cooperative and multivalent system.

3.3. Background

Cooperativity was first discovered by Christian Bohr in 1904 in his studies of
the oxygen-hemoglobin disassociation curves, discovering that oxygen binds to
hemoglobin in a highly nonlinear fashion.?? The intricacies as to how this effect took

place were discovered much later, but this idea that molecules can “sense” and
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respond to binding events to make subsequent binding events more or less favorable

revolutionized the understanding of how bio-materials bind to substrates.88

In 1910, Hill developed a theoretical model to quantify the cooperativity effect:
0
log (ﬁ) =nlog[L] -log K4

Equation 3.1 Hill Equation.

By plotting log(6/(1-6)) vs log[L], a linear curve is observed with the slope of the
curve (denoted as n in the Hill equation) determining whether the binding
relationship under study displays cooperativity. A slope of 1 denotes the system was
noncooperative, a slope greater than 1 denotes the system is positively cooperative,
and a slope less than 1 denotes a system is negatively cooperative.®! Hill plots see

continued use to study cooperative binding today.88

Given the utility of cooperativity as demonstrated by biological systems, much
work has been dedicated into replicating these behaviors artificially. However, it
remains unclear how to purposefully and explicitly instill cooperativity in those
systems. Early reports of artificial cooperativity were later proven to be incorrect.
Jean-Marie Lehn?2 and Harry Anderson??® independently reported systems that
allegedly self-assembled through a cooperative mechanism. These systems
demonstrated thresholding behavior between disassembled and assembled states,

and their resultant Hill plots showed slopes greater than 1. As a result, these systems
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were declared to be artificial systems that assembled cooperatively. However,
Gianfranco Ercolani demonstrated mathematically that the detected thresholding
was actually due to multivalency, not cooperativity. Ercolani further demonstrated
that the Hill plot was not applicable to systems with multivalent interactions, i.e., a

large portion of self-assembling systems.%*

Over the next decade, the understanding of how cooperative systems and
multivalent systems function has increased with new models to characterize these
systems.88 89 These systems are characterized by determining the extent to which
they cause thresholding behavior ("AAG" ). The equations change depending on the
number of binders the system possesses, but useful information can be acquired
through study of the simplest cooperative and multivalent systems displayed in
Figure 3.1a and b respectively. The multivalent system can be characterized through

the following equation:

AAG= -RTIn(EM),

Equation 3.2 Thresholding Behavior Caused by Multivalency

where R is the gas constant, T is the temperature, and EM is the “effective molarity

constant,” which is a ratio of the intramolecular binding constant and the initial

. . . Kintra
intermolecular binding constant (—t)

inter

The cooperative system can be characterized through a similar equation:



48

AAG= -RTIn(a),

Equation 3.3 Thresholding Behavior Caused by Cooperativity

where EM is replaced with the cooperativity coefficient (a), which is a ratio of the

second binding event affected by cooperativity and the initial binding event before

(K
cooperativity (K—Z)
1

More complicated systems are studied through the same equations but
involve additional terms to quantify each additional binder present. However, there
is still significant difficulty understanding how to characterize systems that exhibit
both cooperative and multivalent mechanisms. By observing the simplest example
of a multivalent and cooperative system displayed in Figure 3.1c, one might predict
that AAG can be calculated by summing the effects of multivalency and cooperativity

through the following equation:

AAG= -RTIn(EM) - RTIn(a)
Equation 3.4 Thresholding Behavior Cause by Both Multivalency and Cooperativity

While this equation is not necessarily theoretically inaccurate, it is now
impossible to separately calculate EM and a since both depend on the change in

binding constants only due to either multivalent or cooperative effects. A new
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mathematical model is necessary to differentiate cooperative and multivalent effects
to determine exactly how much each effect affects the resulting thresholding

behavior.

Much of the difficulty around creating a new model centers around not having
a model system to study to understand how to differentiate cooperative and
multivalent effects. Many of the systems recognized as being multivalent and
potentially cooperative are biological, which are difficult to modify, and it remains a
challenge to design synthetic cooperative systems. Ideally, a system with specific,
programmable interactions that can be changed in predictable and measurable
methods can be found that enables systems to become multivalent or cooperative.
Fortunately, such a system has been developed over the past two decades: DNA-

mediated nanoparticle assembly.

DNA is the pinnacle of supramolecular chemistry, displaying specific,
programmable interactions based on the sequence of nucleotide bases it displays.?>
Due to its major biological importance, DNA was heavily studied and through the
decades of study, tools were designed to modify biological DNA and even completely
synthesize artificial strands of DNA.?> As a result, DNA became a tool that could be

used to design programmable, specific interactions in artificial systems.2896

One of the first instances where DNA was used to instill specific interactions
between nanoparticles was in 1996 by Chad Mirkin.7 Mirkin used DNA strands

modified with a thiol group on the 3’ end to anchor DNA strands to 13-nm gold
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particles so that the DNA strands extended orthogonally from the surface of the
gold.?8 The loading of the DNA to the surface of the gold was accomplished through
the steady increase of the ionic strength of the solution during the reaction to screen
the charges of the polyanionic DNA strands so that they could pack closer together on
the surface of the particle. This resulted in densely functionalized gold nanoparticles
that were stable in solution. The introduction of a linker strand to the solution that
bound to the solution-presenting DNA strands on the surface of the particle allowed
the particles to extend self-complementary “sticky end” sequences that allowed the
particles to form aggregates of DNA-functionalized particles.”” Later work further
developed this technique allowing the formation of superlattices with long-range
order from these DNA-functionalized gold nanospheres.99.100,101,102,103,104105 These
superlattices exhibited sharper transitions from disassembled to assembled particles
than expected and had higher melting temperatures than would be predicted from
the observation of an isolated interaction between two sticky ends of the same
size.39.106107 These observations are now understood to be due to the high density of
DNA ligands on the surface of the particle assembling particles through multivalent

interactions.

The structures formed by DNA-functionalized spheres are primarily cubic
lattices with lower symmetry lattices more difficult to achieve. A method to achieve
lower symmetry lattices that has been extremely successful has been to use lower
symmetry nanoparticles. Lower symmetry nanoparticle cores provide directionality

to the DNA bonds that form, resulting in superlattices with corresponding lower
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symmetry.17 The structure of these superlattices could be predicted by determining
which structure could maximize the number of DNA hybridization events. Assuming
the number of DNA sticky ends presented is directly related to the surface area of the
underlying gold nanoparticle, whatever superlattices had the highest surface-area
contact are the most favorable superlattices to form. This model (known as the
complementary contact model [CCM]) has been largely confirmed through
experimental evidence and can be used predictively as well.101,108109.17 The work with
DNA-mediated nanoparticle superlattices has provided a system with highly
programmable interactions that can be used to tailor systems in a reliable and
predictable way in order to study the thermodynamics of assembly. The high degree
of control enabled by DNA-mediated nanoparticles will allow for controlled
modifications to the system to probe how cooperativity and multivalency affect the

DNA assembly.

Over the decades since Mirkin first developed DNA-functionalized particle
assembly, multiple groups have developed models to quantify and predict the exact
Tm and sharpness of the melting curve (quantified as the full-width of the derivative
of the melting curve at half the maximum value, otherwise known as full-width at half-
maximum or FWHM). These models often can extremely accurately explain the data
they were derived from, but often fail to explain the melting curves of other DNA-
functionalized particles. Ultimately, more understanding is needed to understand

these sharp transitions and what roles multivalency and/or cooperativity play.
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3.4. Results and Discussion

In order to differentiate multivalent and cooperative effects, a well-controlled
system must be used that displays multivalency and cooperativity but can be
modified to suppress cooperativity without significantly affecting the overall
thermodynamics of binding. The experimental system used to accomplish this task
consists of plate-like gold nanoparticles!# (Figure 3.2a inset) functionalized with DNA
molecules.l” Because double stranded DNA (dsDNA) is considerably more
conformationally rigid than single stranded DNA (ssDNA) (persistence length of ~50
nm vs. ~1 nm, respectively)?> the presence or absence of a “duplexer” strand allows
for control over the conformational freedom of the ligands. If the particles present
sticky ends associated with dsDNA (Figure 3.2b), the particle-particle binding will be
purely multivalent, i.e. the ligands are rigid before and after the particle interaction.
On the other hand, if the particle presents sticky ends associated with ssDNA (Figure
3.2c), the particle-particle binding will be multivalent and potentially cooperative, as
initial sticky-end binding events could have the opportunity to electrostatically
and/or conformationally influence neighboring binding events. By monitoring the
assembly of these particles as a function of temperature with and without the DNA
duplexer present, the thermodynamics of multivalent vs. cooperative binding could
be deconvoluted. Since the ssDNA and dsDNA modified particles present the same
number of sticky ends for hybridization, it can be hypothesized that they will

maintain a similar particle-particle binding enthalpy between the two cases while
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allowing for differences in particle-particle binding entropy to be interpreted as

cooperative effects.3?

The disassembly of DNA-modified particles as a function of temperature can
be monitored optically as a result of the large light absorption and scattering
properties of gold nanoparticles.8586 Both the ssDNA- and dsDNA-functionalized
particles show a sharp increase in the singlet fraction (percentage of particles that are
not assembled) with increasing temperature (Figure 3.2a), exhibiting the
thresholding behavior diagnostic of strong collective binding interactions. Two
additional features of these data are noteworthy and relevant to multivalent vs.
cooperative interactions. First, the temperature at which the dsDNA particles
disassociate is considerably higher than the temperature at which the ssDNA
particles disassociate. This is due to the larger reduction in conformational entropy
upon particle-particle binding for the more flexible ssDNA. In other words, because
the dsDNA is rigid both before and after particle-particle binding, the entropy cost is
approximately 0; this is not the case for the ssDNA system. The second interesting
feature of these data is that the disassociation transition occurs over a narrower
range of temperatures for the ssDNA case compared to the dsDNA case. This can be
quantified by measuring the full-width half-maximum of each transition, which
reveals a value of 0.7 £ 0.2 °C (n=13) for the ssDNA and 2.8 + 0.8 °C (n=18) for the
dsDNA (Fig. 3.3). Under the assumption that the dsDNA and ssDNA systems have the
same particle-particle binding enthalpy, the sharper transition of the ssDNA case

must be due to the emergence of cooperative binding. These data show the ability for
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oligonucleotide ligands to imbue inorganic nanoparticles with highly non-linear
interactions that will be important for introducing reconfigurable properties into

self-assembled systems.
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Figure 3.2 Self-Assembling Prisms through Single-Stranded and Double-Stranded
DNA. a) UV-Vis extinction spectra showing differences in binding with ssDNA and
dsDNA-functionalized prisms. Inset: TEM image of a Au nanoprism (scale bar: 50 nm).
b) A model demonstrating the flexibility of ssDNA conformational change before and
after binding along with the DNA design. c¢) A model demonstrating the rigidity of
ssDNA on the surface of prisms before and after binding along with the DNA design.

One potential mechanism involving cooperativity to explain the higher degree

of thresholding behavior observed with the ssDNA particles (Fig. 3.4a) involves
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cations encouraging outstretched DNA conformations, thus preorganizing the system
to assemble. It is known that the backbone of DNA consists of an array of negatively
charged phosphate groups, most of which are accompanied by strongly-coordinated
cations. The hypothesis for the onset of cooperativity is that when an initial ssDNA
sticky end - sticky end binding event occurs, the linked strands will adopt a more
outstretched, linear conformation than before they were bound. Because this more
outstretched strand will bring with it an array of positively-charged coordinated
cations, the neighboring strands will experience an attractive electrostatic interaction
(or at least a reduced electrostatic repulsion from the neighboring DNA strand)
encouraging them to also adopt more outstretched conformations.110 This
preorganization of adjacent, unbound strands into conformations more favorable for

binding will increase their binding constant, thus giving rise to positive cooperativity.



56

4= 28+08°C
n=18

07+02°C
n=13

ssDNA dsDNA

Figure 3.3 Assemblies with ssDNA Yield Sharper Transitions. A bar graph comparing
the average FWHM of disassembly for both ssDNA-functionalized prisms and dsDNA-
functionalized prisms.

There is another possible mechanism that can be used to explain the
differences between these systems. While DNA is not the most flexible of polymers, it
is still possible for the particle-bound DNA to adopt numerous configurations. These
configurations will be explored stochastically but certain events might increase the
lifetime with which the strands remain in specific configurations. With the current
self-complementary DNA design, while interparticle interactions would be favorable
due to sterics, intraparticle interactions are still likely possible. Such intraparticle
interactions would encourage the DNA to remain relatively outstretched such that it
might be preorganized to form more favorable interparticle hydrogen bonds once
diffusion of the particles allows for it (Fig. 3.4b). This effect would be less of a
cooperative mechanism and probably more likely observed as enhanced
multivalency since while we are not increasing the number of binders, we are

increasing the probability of having multiple binding events between two particles.
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Both ssDNA- and dsDNA-functionalized particles would probably display this
behavior in some way, but the effect would be much greater for ssDNA-functionalized
particles due to the significantly higher flexibility of ssDNA and as a result, a

significantly lower steric penalty to the initial intraparticle binding events.
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Figure 3.4 Potential Mechansisms Leading to Enhanced Thresholding Behavior of
ssDNA-Functionalized Prisms. a) A model illustrating the hypothesis that an array of
cations organized to the phosphate backbone of a hybridized sticky end encourages
the hybridization of neighboring strands. b) A model illustrating the hypothesis that
the formation of intraparticle loops preorganize the DNA such that the formation of
sticky end interactions between particles is encouraged.

To test these proposed mechanisms, the systems under study must be
modified such that one mechanism is primarily enhanced over the other. To test the

first mechanism, assembly of ssDNA- and dsDNA-functionalized particles was
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performed in the presence of LiCl as opposed to NaCl. Li* ions are smaller than Na*
ions, and as such can pack more densely around the phosphate backbone.?> This
should enhance the observed cooperativity effect since there is a more dense
collection of charge that can preorganize the neighboring strands. Upon performing
this experiment, both ssDNA- and dsDNA-functionalized particles demonstrated an
increased Tm. (Table 1) This is explained by the denser packing of Li* about the
phosphate backbone reducing electrostatic repulsion and thus further stabilizing the
assemblies (Fig. 3.5). However, while both ssDNA- and dsDNA-functionalized
particles demonstrated a lower average FWHM, there was a larger spread, resulting
in their data not being statistically significant than the average FWHM of the

assemblies made in NaCl (Table 2).

Table 3.1 Average Tm of DNA-Functionalized Nanoprism Assemblies Under Various
Conditions.

140 nm prisms 100 nm prisms 100 nm prisms

500 mM NacCl 500 mM NacCl 500 mM LiCl

36.9 + 0.1°C
dsDNA 46.5+ 0.4 °C 44 +1°C 48 +2°C

36.3+0.1°C

40.3+0.8°C
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Table 3.2 Average FWHM of Melting of DNA-Functionalized Nanoprisms

dsDNA

140 nm prisms

500 mM NacCl

3.0+0.3°C

Singlet Fraction -

o

0.8+0.1°C

100 nm prisms
500 mM NacCl

0.8+0.1°C

3.4+0.6°C

140 nmLsDNA, Na*
100 nm, ssDNA, Na*
100 nm, ssDNA, Li*
140 nm, dsDNA, Na*

100 nm, dsDNA, Na*
100 nm, dsDNA, Li*

100 nm prisms
500 mM LiCl

0.6 +0.3°C

2+1°C

25 30 35

45 50

40
Temperature (°C)
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Figure 3.5 Cation Size Affects the Observed Tm in Assembled Nanoprisms. Melting
curves of ssDNA-functionalized nanoprisms and dsDNA-functionalized prisms

utilizing different-sized prisms and cations.

Since the previous experiment was inconclusive with regards to the

cooperative mechanism, an additional experiment was proposed to test the

mechanism of enhanced multivalency by intraparticle binding events leading to

preorganization of DNA. The simplest experiment is to alter the system such that
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intraparticle binding events cannot occur and only interparticle binding is allowed.
To accomplish this, an alternate DNA system is used where the DNA is
complementary, not self-complementary. As a result, no intraparticle binding events
can occur so any enhanced thresholding behavior from ssDNA-functionalized
particles compared to their dsDNA-functionalized counterparts must be due to the

cooperative mechanism.

Unfortunately, despite numerous attempts to accomplish this experiment and
to test more assemblies with LiCl to get stronger statistical data, further work
assembling DNA-functionalized particles proved unreliable and unreproducible. The
reason for this learned late into my tenure was evidently caused by a faulty purified
water system leading to biological material contaminating the water that the particles
were synthesized, functionalized, and assembled in. Due to the unpredictability of
these experiments, no further direct data was able to be obtained. However, further

data analysis still enabled certain insights.

One of the more recent and detailed models to explain the melting curves of
DNA-functionalized particles was developed by Chaikin et al in 2010.111 This model
posits that rather than being two separate parameters, Tm and FWHM are related. The

equation used to describe this relationship is as follows:
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Equation 3.5 Chaikin Model for Determining FWHM from Tm

In this equation, Np is the number of potential bonds that can be formed, z is
the coordination number of the assembly, 6T is the FWHM, Aw is the “wiggling area”
or the area that a particle in an aggregate or assembly can move while remaining
bound, C is the total concentration of assembling particles, and AH? is the enthalpy of
the free DNA in solution. While this equation works excellently with the data set from
which the equation was developed, it cannot be applied to understand the difference
between the ssDNA-functionalized prisms and dsDNA-functionalized prisms
observed experimentally in this work. To explain the nearly 2 °C sharper FWHM
observed in ssDNA-functionalized prims compared to their duplexed counterparts,
this equation predicts there must be a nearly 200 °C difference in Tm. While there is a
noticeable difference in Tm (approximately 8 °C in both Na*- and Li*-induced
assemblies), the increased thresholding behavior must have a different cause not

factored into the development of this model.

While no models exist that can successfully model all aspects of these melting
curves, it is possible more data can be gathered from the melting curves themselves

to gain insight into what happens on the molecular level to cause this phenomenon.
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The linear form of the van ‘t Hoff equation (shown below) can be used to determine
thermodynamic quantities (specifically the enthalpy and entropy) of a chemical

reaction.112

Equation 3.6 Linear Form of the van ‘t Hoff Equation

In this equation, Keq is the equilibrium constant of the reaction, R is the
universal gas constant, T is temperature, AH is the enthalpy change of the reaction,
and AS is the entropy change of the reaction. By plotting In(Keq) vs. 1/T, a line is
formed from the data where the slope is equivalent to - AH/R and the intercept is
equivalent to AS/R. By normalizing the melting curves, the y-axis can instead be
considered a singlet fraction (f) rather than extinction. Similarly, a mathematical
relationship can be determined equating the singlet fraction to Kq, the collective
equilibrium constant for the release of a single nanoparticle from an aggregate. While
the exact derivation of this equation is beyond the scope of this work, Macfarlane et

al has demonstrated it in their recent work.113 The equation is as follows:
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Equation 3.7 Correlation Between Singlet Fraction and
Collective Equilibrium Constant

Thus, the data obtained from a melting curve can be plotted as a van ‘t Hoff
plot (3.6a) such that the enthalpy and entropy of disassembly can be determined.
When the melting curves collected are analyzed in this way, multiple patterns are
observed. Compared to dsDNA-functionalized particles, there is approximately a
three times increase in entropy on average upon dissolution for ssDNA-
functionalized particles (Fig. 3.6c). This fits with literature precedent that ssDNA-
functionalized particles have a much higher entropic cost to assembly due to the loss
of configurational freedom of the flexible single-stranded DNA upon hybridization.
Furthermore and perhaps more relevantly, there is an approximately three times
greater loss of enthalpy on average upon of disassembly for ssDNA-functionalized
particles as opposed to their dsDNA-functionalized counterparts (Fig. 3.6b). This
renders our initial assumption that the enthalpy of binding between ssDNA- and
dsDNA-functionalized particles would be similar completely incorrect. Since the only
contribution to the enthalpy of dissolution should be the breaking of sticky end
interactions, it can be inferred that ssDNA-functionalized particles have

approximately four times the number of sticky end bonds compared to dsDNA-
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functionalized particles. This is unexpected as the presence of the duplexer strand
does change the number of sticky ends on the surface of the particles, and so one

would not typically expect a large difference in the number of sticky ends available

for hybridization.

a)

In(Ka)

Slope = -AH /R
Intercept = AS / R

140 nm, Na* 100 nm, Na* 100 nm, Li*
W ssDNA M dsDNA

AS,, (kd/mol*K)

140nm, Na* 100 nm, Na* 100 nm, Li"
W ssDNA WdsDNA

Figure 3.6 van ‘t Hoff Analyses of Prism Disassembly. . a) An illustration of a van ‘t
Hoff plot. b) The enthalpy of disassembly of various systems of self-assembled DNA-
functionalized prisms. determined through van ‘t Hoff plots. c) The entropy of

disassembly of various systems of self-assembled DNA-functionalized prisms.
determined through van ‘t Hoff plots.

The exact reason for this larger number of interactions is not entirely clear,

but the simplest explanation could simply be that the greater flexibility of the ssDNA
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allows for a greater ability to maximize the number of DNA hybridization events.
Meanwhile, it is possible that the duplexed DNA is prevented from certain
hybridization events due to the relative stiffness of the dsDNA. It should also be noted
that this observation does not necessarily disprove the possibility of the other two
potential mechanisms, although those other mechanisms would probably be
observed as more of an entropic effect as they both rely on preorganization of the
DNA strands. Ultimately, more experimental data must be gathered or molecular
modeling performed to fully understand every aspect of the thermodynamics of this
system, but we can certainly conclude that a significant portion of the increased
sharpness observed in disassembly of ssDNA-functionalized prisms is due to the
increased multivalency of the system despite not actually increasing the number of

sticky ends in the system.

3.5. Methods

3.5.1. Nanoparticle Synthesis and Purification

Gold triangular prisms were synthesized following the protocol established by
Jones et al.114 Briefly, gold seed particles are synthesized in water by first combining
250 pL. 10 mM HAuCls and 500 pL 10 mM sodium citrate in 18.95 mL of water. Then,
1 mL ofice cold 0.01 M NaBH4 was added quickly to cause burst nucleation. The entire
solution was then heated between 40-45 °C to decompose excess NaBH4. The solution

was then allowed to cool to room temperature and the seed concentration was
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determined through UV-Vis spectroscopy. Seed particles were then added to a growth
solution consisting of 50 pM Nal, 0.05 M cetyltrimethylammonium bromide (CTAB),
0.267 mM HAuCl4, 0.535 mM NaOH, and 0.535 mM ascorbic acid. The amount of seed

particles added determines the size of the prisms, as determined by Jones et al.114

To purify spherical byproducts from the triangular prisms, NaCl was added to
the solution to cause depletion assembly. The exact concentration of NaCl needed to
ensure this depends on the size of the prisms, as determined by Jones et al.114 After
depletion assembly, the prism assemblies can be separated from the spherical
particles by gentle centrifugation and removal of supernatant. This process can be
repeated 2-3 times or more as needed to ensure a high level of purity, as determined
by the difference in Amax observed in the UV-Vis spectra of nanospheres and

nanoprisms.

3.5.2. DNA Functionalization

Both oligonucleotide sequences (see Figure 3.2b) used in this work were
purchased specially from Integrated DNA Technologies and used without further
alterations. Particles were functionalized in accordance with a protocol as established
by Jones et al.114 In short, solutions of the thiolated oligonucleotide were treated with
dithiothreitol (DTT) to ensure breakage of any disulfide bonds and purified via a
desalting column. These solutions were then added to solutions of nanoprisms that
had been spun twice in water from their native 0.05 M CTAB stock solution to ensure

a minimal amount of CTAB that could prevent ligand replacement. After about 30



67

minutes, the solutions were brought to 0.1% SDS and 0.01 M phosphate buffer (pH =
7.4) and raised to 40 °C. These solutions were then slowly raised to 0.5 M NaCl with
periodic sonication over the course of about 3 hours, and then left to finish
functionalization overnight. The then-functionalized particles were spun down three

times and redispersed in 0.01% SDS.

3.5.3. DNA Assembly

Assembly experiments were performed in a stirring cuvette in a Cary 5000 UV-
Vis_NIR Spectrophotometer with a temperature-controlled cell-changer attachment.
Solutions were made at 1 mL volumes and contained approximately 0.1 OD DNA-
functionalized nanoprisms, 500 mM NaCl or LiCl, 0.01% SDS, and 0.01 M phosphate
buffer (ph = 7.4). Certain solutions had 0.1 pL of 100 pM duplexer DNA added to
ensure the DNA became duplexed during the assembly process. The cuvettes were
then monitored at the Amax of the DNA-functionalized nanoprisms used as the
solutions were carefully cooled from 50 °C to 15 °C and then heated again from 15 °C
to 50 °C at a consistent rate of 0.1 °C/min. (The exact temperatures used varied
depending on the experiment, but this was typical.) The extinction of each cuvette

was recorded in increments of 0.1 °C.

3.5.4. Tm and FWHM

Raw data was pasted into Origin, normalized, and differentiated. The resulting

peak function was then trimmed to only display the peak (the area of the curve where
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the transition occurred) and then fitted to a Gaussian in Origin’s software. From this
fitted curve, the peak could be determined (and was recorded as the Tm) and the

FWHM was calculated.

3.5.5. van ‘t Hoff Analysis

The transitional area of the melting curve was normalized before a plot was
formed of In(Kad) vs. 1/T, using the relationship determined by Macfarlane et all13 to
translate the extinction values to Ka and converting the temperature values from °C
to K. From these plots, the slope was determined to be -AH/R and the intercept was
determined to be AS/R (as explained in the Results and Discussion section).
Multiplying by -R and R respectively gave values in kJ/mol and KkJ/(mol*K)

respectively.

3.6. Conclusion

Cooperativity and multivalency are ubiquitous concepts in molecular biology
and biochemistry.115116,117 Degpite that, there is still a great deal of work left to adapt
these mechanisms into synthetic systems. While assembled systems of DNA-
functionalized particles have long been recognized to have sharp transitions, this
work demonstrates that there is still much more work to be done. No current models
can explain the extremely sharp melting response in these ssDNA-functionalized
prisms, but we can demonstrate that this effect largely comes from enhanced

multivalency compared to their duplexed counterparts. The melting response
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observed is highly non-linear, as the assembled nanoparticles are able to dramatically
alter their structure and subsequent optical properties over a temperature range of
less than 1 °C. The mechanistic and practical understanding achieved from this
project will enable the design of new reconfigurable nanomaterials, capable of
enormous changes in structure and properties in response to external stimuli due to
the nonlinearity of these interactions. The hope is that in the future other researchers
will be able to take the findings from this study and leverage them to even greater
functionality, such as the development of nonequilibrium systems. However, even
through greater discoveries in synthetic and functionalization techniques, such

nonequilibrium systems still represent other difficulties for researchers to overcome.
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Chapter 4

Measuring Challenges in Dynamic and
Nonequilibrium Nanoscale Systems?

4.1. Abstract

Biological systems exhibit strikingly sophisticated properties including
adaptability, directed motion, regulation, and self-organization. Such systems are
often described as being “non-equilibrium” or “out-of-equilibrium” and it can be
instructive to think of them as adopting thermodynamic states that require a constant

supply of energy to maintain. Despite their ubiquity, systems that demonstrate these

2 This chapter was originally published as a perspective in Analytical Chemistry in 2019. It has
been reproduced with permission from Marolf, D. M.; Jones, M. R. Measurement Challenges in Dynamic
and Nonequilibrium Nanoscale Systems. Anal Chem 2019, 91 (21), 13324-13336. DOI:
10.1021/acs.analchem.9b02702. Copyright 2019 American Chemical Society.
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abilities require a remarkably stringent set of chemical requirements to exist. Broadly
speaking, they must be (a) capable of consuming some external source of energy that
(b) acts as a fuel to do some form of work, (c) all while maintaining highly organized
structural features at the nanometer length scale that persist in space and over time.
It remains a grand challenge in the field of chemistry to synthesize artificial systems
capable of similarly complex non-equilibrium behavior both as a means for greater
fundamental understanding and as a way to imbue non-natural structures with
dynamic behavior for various applications. Yet an oft-overlooked challenge in this
field involves not just the synthesis of non-equilibrium materials but also their
characterization. The requirements for measuring nanometer-scale systems of non-
equilibrium building blocks with the appropriate temporal and spatial resolution are
demanding and have heretofore been largely unavailable to researchers. In this
perspective we highlight challenges and recent advances in the measurement of
dynamic nanoscale systems. We argue that progress in this area is crucial and must

occur in parallel to synthetic goals if any meaningful understanding is to occur.

4.2. Introduction

In the study of ordered non-equilibrium systems (Fig. 4.1a) and their behavior
over time, there is often the goal of discovering and understanding so-called
“emergent properties”, often defined aphoristically as occurring when “the whole is
greater than the sum of its parts”.11® When an object (molecule, particle, protein)

behaves one way in isolation but exhibits some new behavior when present as a
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member of a collection of objects, that new behavior is said to “emerge” from the
system (Fig. 4.1b).119 Since these properties only arise when a multitude of members
are acting in concert, it is often difficult to predict their appearance even with a
detailed understanding of the structure and function of the individual monomers.120
The emergent property is thus the product of a non-obvious or non-linear accounting
of the properties of the isolated building blocks. One excellent example of such a
property is flocking or swarming behavior?! - the individual members when isolated
may move according to one set of rules, but when present as a collective, exhibit some
new (emergent) group-wide behavior.122 Although not a requirement, a great number
of fascinating emergent properties have been observed in systems that are operating
out-of-equilibrium,23 124 including homeostatic self-regulation, adaptability,

spontaneous symmetry breaking, and various forms of self-organization.120 125
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Figure 4.1 The Advantage of Dissipative Processes. a) A simplified, hypothetical
energy diagram indicating the difference between global equilibrium, metastable
kinetically trapped, and energy-dependent out-of-equilibrium states. In this
framework, the out-of-equilibrium state has the unique property of being able to
explore a wide range of reaction coordinate space with a relatively small input of
energy. (b) Illustration of the difference between passive diffusive behavior of
individual nanoparticles and the collective emergent behavior of a hypothetical
nanoparticle assembly driven by the input of energy.

The drive to understand emergent properties highlights one of the principle
difficulties in measuring non-equilibrium systems. First, by definition, an emergent
property arises both from the function of the individual building blocks and from

their complex interactions as a collective. Therefore, ensemble characterization
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methods, while useful in measuring the behavior of the collective, often do not shed
light on how the individual monomers contribute to that collective behavior. Second,
these systems must be observed while they are out-of-equilibrium since the property
arises only through the consumption and conversion of an energy source. Thus, any
characterization tool must be amenable to having some form of energy imparted to
the sample while the measurement is taking place. These two requirements place
enormous restrictions on the methods that can be used to thoroughly understand

systems that exhibit emergent, non-equilibrium, and self-organizing properties.

4.3. Why Nano?

In order to understand the unique role that nanoscience plays in the
measurement of dynamic non-equilibrium systems, it is relevant to understand the
development of the field and its interdisciplinary nature. In general, two separate
fields of research have heretofore simultaneously pursued the goals of non-
equilibrium materials largely independent of one another: supramolecular chemistry

and colloidal physics.

The supramolecular chemistry approach wields incredible synthetic acumen
to design and make molecular constructs that assemble under so-called ‘dissipative’
conditions - those in which ordering is driven by an external fuel source, the energy
of which must be released (dissipated) back to the environment, usually in the form

of heat.126 49 Numerous examples of supramolecular building blocks assembling
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through the consumption of chemical or photonic energy have shown the formation
of dissipative hydrogels,127 fibers,128 helices,12? and more.130 131 120 48 For example,
Van esch and coworkers have shown that molecules with terminal carboxylate
groups react with a chemical fuel (Mel) to form esters, resulting in their self-assembly
into fibers; the resulting hydrogel slowly undergoes hydrolysis, dissipating the
energy back to the environment and disassembling.128 Sleiman and coworkers also
demonstrated the use of light as an energetic stimulus to induce an azobenzene
isomerization-based assembly of monomers into rod-like aggregates, which
disassembled over time as the azobenzene units reverted to the more stable
isomer.130 These examples leverage the ability for chemists to make systematic
structural changes to the molecular building blocks, allowing researchers to test
various hypotheses regarding the mechanism of dissipation and the appearance of
order under non-equilibrium conditions. However, because time-resolved imaging at
the single-molecule level is only possible under highly-specialized circumstances, the
characterization of these structures has largely been driven by ensemble-averaged
techniques.*® Consequently, the mechanistic role each individual monomer is playing
in the observed non-equilibrium ordering can only be inferred from the average
behavior of the monomers as a whole. At times, such an averaging may be
appropriate, but in many systems that exhibit emergent properties it does not reveal

the entire picture.

The colloidal physics approach, on the other hand, has investigated questions

of non-equilibrium ordering and emergent properties at a much larger length scale
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than the chemistry community. In general, colloidal particles of 1 um or larger are
modified to generate some form of self-propulsion, typically driven by spontaneous
or photocatalyzed chemical reactions that fuel hydrodynamic forces.132 133 These
dynamic particles constitute the building blocks of what is sometimes referred to as
“active matter”, and exhibit many fascinating non-equilibrium properties such as
swarming,134 135 self-organization,’3¢ and emergent chirality.137 138 For example,
Chaikin and coworkers demonstrated photochemically self-propelled colloids that
assemble into 2D hexagonally-packed crystals that move collectively, grow, and break
into smaller pieces while illuminated.13° In addition, Granick and coworkers have
mapped a rich phase space of magnetic Janus particles that dynamically assemble into
microtubes, zigzag chains, and planar sheet morphologies in a precessing magnetic
field.140 Using these systems, analytical models have been developed that help explain
the properties of ordered non-equilibrium systems and what emergent properties
they exhibit.141 The productivity of the physics approach is due, at least in part, to the
ability for these systems to be monitored at the single-particle level using optical
microscopy.132 Being of a sufficiently large size to be resolved by optical photons
means that the behavior of particles individually and as a collective can both be
quantified and analyzed with a high degree of accuracy. However, whereas the
physics approach is superior in its characterization and analysis, it suffers in synthetic
optionality and the complexity of the assembling building blocks. With a few notable
exceptions, 142 143 144 145 146 147 148 149 the particles being investigated are primarily

spherical, often bearing some partial coating or heterogeneous domain responsible
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for the chemical reaction driving self-propulsion. The resulting interactions are
therefore largely isotropic, dramatically limiting the complexity of the particle-

particle forces necessary to give rise to emergent properties in a collective.

4.4. Perspective

While investigations into non-equilibrium self-organization from the
chemistry and physics communities have been immensely productive, both suffer
from drawbacks. Chemists working at the atomic length scale can synthetize virtually
any molecule with a rationally designed set of complex interactions, but lack the
ability to observe the assembly process at the single-building-block level. Physicists
working at the micron length scale have the ability to track single-particle
trajectories, resulting in sophisticated models for non-equilibrium behavior, but lack
the synthetic versatility to program more complex, anisotropic interactions that are
necessary for emergent properties to arise. In this perspective, we propose that
studying dynamics at the nanometer length scale offers an attractive compromise.
Being intermediate between the two extremes (molecular and micron), nanoparticle
building blocks offer a rich synthetic diversity in composition, size, shape,® and
surface ligand chemistry!>0 while at the same time being amenable to real-time
single-particle observation given recent advances in a number of imaging
methodologies. Furthermore, inorganic nanoparticles often exhibit unusually high
optical extinction cross-sections,8> tunable photoexcited charge carriers,1>! and size-

dependent catalytic reactivity,152 making them ideal structures for absorbing external
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sources of energy that is used to drive self-organization processes, a key requirement
for non-equilibrium or emergent behavior. Thus, nanoscience rests at an interface

that positions it to make significant contributions to this field.

Here, we will discuss the spatial and temporal demands on characterization
tools capable of measuring nanoscale dynamic and non-equilibrium assembly
processes. We will cover these techniques at or near the resolution boundaries and
attempt to highlight what advances might push them to be more useful to the
community. This includes what kinds of nanoscale systems they are most useful for,
how perturbative they are to the sample, and by what means they allow for the input
of chemical fuel or external energy. We then discuss post-processing analysis and
image processing tools, many of which are borrowed from the physics community,
that can be leveraged to understand these systems. Finally, future directions,

particularly those that address inevitable problems of big data, will be considered.

4.5. Techniques

In this perspective, we are limiting the discussion to methods capable of in-
situ single particle monitoring, as these techniques are best suited to elucidate
emergent properties in self-assembling systems. Consequently, there are numerous
characterization tools we will not cover in depth that are limited to measuring
ensemble averages. These include various forms of optical spectroscopy,13 35> small-

and wide-angle x-ray scattering (SAXS/WAXS),154 155 NMR,127 and mass
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spectrometry.128 Such techniques will undoubtedly play an important role in
corroborating results from single-particle measurements and have been discussed in

excellent review articles elsewhere.156 157 158
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Figure 4.2 Understanding How Spatial and Temporal Resolutions of Instrumentation
Limit Systems Able to Be Effectively Studied. (a-c) Simulated image of an assembly of
50 nm cubes imaged at (a) 2.5 nm, (b) 20 nm, and (c¢) 200 nm spatial resolution. (d-f)
A simulation of 50 nm cubes assembling at (d) 5 ms, (e¢) 50 ms, and (f) 500 ms
temporal resolution. Three particles of interest have been labeled (1, 2, and 3) to help
track the assembly process. (g) A spatiotemporal map of the single-particle imaging
techniques covered in this perspective; data collected from references 161 162 163
164 165 166 167 168 169 170 171 172 173 174 175176 177 178 179 180 181 182
183 184 185 186 187.

For the purposes of determining whether a characterization tool has the
appropriate spatial and temporal resolution to investigate dynamic nanoscale

systems, consider the diffusion and assembly of a collection cube-shaped
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nanoparticles with an edge length of ~50 nm (Fig. 4.2). Although such a particle has
a nominal size of 50 nm, the fact that it is non-spherical means that in order to resolve
certain single-particle features such as tips and edges, a spatial resolution
significantly below 50 nm is necessary. This would be important, for example, in being
able to monitor not just the translational motion of the particles, but also their
rotation and subsequent orientational ordering. Thus, although certain techniques,
such as those that rely on light scattering, are capable of tracking single-particle
trajectories, the fact that they are diffraction-limited and have a minimum resolution
of ~200 nm indicates that they will not be sensitive to the orientational ordering of
anisotropic particles in this size range (Fig. 4.2¢).15 We will include discussions of
diffraction-limited light scattering tools below, as they can be useful in providing
single-particle data, but with an understanding that certain kinds of information, such
as orientational ordering, will be impossible to obtain. More powerful are the
techniques that can spatially resolve the considered cube-shaped particle below ~50
nm such that its geometric features and rotational dynamics can be understood.
Super-resolution microscopy makes clever use of the emission of fluorophore labels
on nanoscale objects to obtain sub-diffraction-limited images, despite the use of
optical photons. Although the spatial resolution of this technique continues to
improve, a typical minimum feature size detectable using super-resolution
microscopy is ~20 nm (Fig. 4.2b). For many systems, this will serve as a powerful tool
for understanding single-particle assembly dynamics but nonetheless remains

somewhat limiting in that single-particle geometric features are difficult to resolve.
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Methods that have adapted transmission electron microscopy (TEM) and atomic
force microscopy (AFM) to be compatible with liquid-phase systems provide the
greatest spatial resolution of ~1 nm or lower, capable of monitoring single-particle

translational and orientational assembly processes (Fig. 4.2a).

Equally important to spatial resolution is the necessity for characterization
methods to temporally resolve the motion and assembly of nanoscale systems.
Considering the same ~50 nm cubic nanoparticle, free-space single-particle diffusion
is rather fast, with room-temperature motion being on the order of one particle length
per 0.1 ms or 500 nm/ms. Temporal resolution of this degree can be considered an
upper-bound and in general has yet to be demonstrated with many single-particle
techniques. Fortunately, a collection of particles assembling in some way will have
considerably slower temporal dynamics, such that several of the techniques
mentioned above can provide useful information. Typical in-situ AFM methods suffer
in temporal resolution due to the rastering of the cantilever-based tip that constructs
images on the order of minutes (Fig. 4.2f).160 Organizational processes such as
crystallization that occur via many repetitive molecular steps may be amenable to in-
situ AFM but single-particle dynamics are challenging to observe with this technique.
Recent advances in direct electron detectors have pushed liquid-phase TEM into the
milliseconds regime, which is sufficient to resolve a number of nanoparticle assembly
processes (Fig. 4.2e). However, by far the greatest temporal resolution lies with
optical methods, such as super-resolution microscopy, which benefit from decades of

time-resolved optical spectroscopic measurements that have driven the development
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of detectors and equipment capable of monitoring fast molecular and nanoscale
processes (Fig. 4.2d). With these resolution boundaries in mind, we discuss each of
the above techniques in more detail, highlighting improvements, specific systems on
which they may be most informative, and methods by which external energy may be

applied to drive out-of-equilibrium behavior.

4.5.1. In Situ Atomic Force Microscopy
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Figure 4.3 Capacity for In Situ AFM to Probe Dissipative Nanoparticle Assembly. a)
[llustration of nanoparticle assembly measured through in-situ AFM. The physical
interaction between the cantilever and the particles generates image contrast. (b-d)
In-situ AFM images demonstrating the growth of zeolite crystals over time. Adapted
with permission from ref. 185, Copyright 2018 Nature Publishing Group. (e-f) In-situ
AFM images demonstrating the fusion of lipid-nanodiscs in solution. Adapted with
permission from ref. 184 Copyright 2018 American Chemical Society.

Atomic force microscopy (AFM) has been a stalwart characterization tool for
materials and surface scientists for decades. In its conventional implementation, AFM
functions through the rastering of a sharp cantilever-based tip across a surface, the

motion of which is detected by the reflection of a laser onto a position-sensitive
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photodetector.188 This approach allows for incredibly sensitive measurements of
surface topography with recent examples on nanoparticle samples showing a spatial
resolution of ~2 nm laterally (parallel to the surface) and ~0.15 nm axially

(perpendicular to the surface).18?

While traditionally used to study samples ex situ, there has been an active
effort to extend AFM to study samples in situ to observe the structure of biological
materials and other sensitive samples in their native, solvated, environment.182 183 184
186 190 191 Thijs is typically accomplished through use of a fluid cell, which creates an
isolated environment for the sample and prevents degradation of sensitive portions
of the piezoelectric scanner.192 In-situ AFM experiments can be slightly perturbative
when run in contact mode, where the probe makes physical contact with the sample.
However, these measurements can be made less perturbative when conducted in
amplitude modulation mode, where the cantilever is oscillated at or near its resonant
frequency and the amplitude of the oscillation is measured to detect tip-sample
interactions. Using this mode, perturbations can be minimized, enabling the study of
sensitive systems, such as those composed of soft or biological components. For
example, this imaging mode enabled the detection of conformational changes in a
single ATPase protein without altering the rate of conformational transition over
millions of points of contact with the AFM tip.190 Thus, when performed correctly, the
lack of sample perturbation is an advantage of in situ AFM, ensuring that whatever

assembly dynamics are observed, they can be generalized to ex-situ circumstances.
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Due to the extremely high axial resolution of AFM, this technique is best suited
to study 2D assembly processes such as the diffusion and attachment of particles to a
growing superlattice as adatoms or at step edges (Fig. 4.3a). To date, measurements
of this exact circumstance are rare but similar examples and other instructive cases
are relatively common. For example, the use of in situ AFM to track the formation of
nuclei and observe the layer-by-layer growth of zeolite crystals on a surface shows
the ability for this technique to monitor slow but important organization processes
such as crystallization (Fig. 4.3b-d).185 In-situ AFM also benefits from being relatively
robust to the introduction of new stimuli to drive the system out of equilibrium
during imaging. Since the methodology uses the mechanical actuation of a tip to
construct an image, convenient stimuli such as light or time-varying
electric/magnetic fields will introduce minimal perturbation to the measurement
while simultaneously being able to energetically excite the sample. This approach is
exemplified in the work of Masayuki and coworkers who observed the motion of
nanomachines on DNA scaffolding under UV irradiation through in-situ AFM.193
Liquid phase AFM can also monitor changes to a system after introduction of chemical
fuels or during the maintenance of a temperature gradient, both of which are
frequently used to drive non-equilibrium behavior. For example, Scheuring and
coworkers observed how cytoplasmic proteins known as annexins stabilize
membranes as buffered Ca2* solutions were pumped into the sample chamber.194
Perhaps more so than any other methodology covered in this perspective, in-situ AFM

is amenable to monitoring how systems respond to external stimuli in a manner that
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does not negatively influence image acquisition, making it appealing for

understanding non-equilibrium responses of nanoparticle systems.

Despite the many advantages of AFM, one major challenge with this technique
is that typical temporal resolution is rather poor due to the need to continuously
raster the tip to form an image; a high-resolution image will typically take minutes to
obtain. Thus far, most examples of in-situ AFM being using to investigate dynamic
processes have interrogated systems with relatively slow assembly kinetics. For
example, Rimer and coworkers have observed that the growth of the zeolite silicalite-
1 occurs over the course of several hours via silica nanoparticle aggregation,
structural rearrangement, and finally monomer addition.195 Recently, improvements
to the piezoelectric and photodetector hardware have increased temporal resolution
such that full scans can be made in under a second (Fig. 4.3e-f). Using this high-speed
hardware, Fukumori and coworkers were able to image the surface of living bacterial
cells and track the dynamics of single proteins on the cell surface.1°¢ Unfortunately,
these techniques are not yet widely-implemented.18® Therefore, future
improvements to the temporal resolution of in-situ AFM are needed before it will
become a widely used tool in studying far-from-equilibrium assemblies. However,
current systems with slow kinetics, such as hours- or days-long nanoparticle

crystallization experiments, may benefit greatly from dynamic AFM characterization.
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4.5.2. Light Scattering

Although relatively straightforward and common, light scattering is
nonetheless a useful tool for studying nanoparticle solutions and may be easily
adapted to non-equilibrium experiments. In a typical light scattering experiment, a
laser source is passed through a suspension of particles, and the intensity and/or
angle of scattered light is detected (Fig. 4.4a). Most often it is assumed that the
relevant physical process is Raleigh scattering (where the particle size, d, is much
smaller than the excitation wavelength of light) which exhibits a d® dependence on
the intensity of scattered light.1°7 This powerful dependence on particle size means
that techniques based on light scattering can be extremely sensitive, even with small
particles or those composed primarily of organic components. When coupled to a
microscope where the scattered light is detected with a CCD camera, it is possible to
track the motion of individual objects through a technique known as Nanoparticle
Tracking Analysis (NTA, Fig. 4.4b).198 199 Collecting videos of nanoparticle movement
in solution allows for calculation of particle concentration and particle size using the
Einstein-Stokes equation, assuming motion is Brownian and the viscosity of the
medium is known (Fig. 4.4c). Single particle tracking has been shown in structures as
small as 30 nm in size,1°8 making it potentially useful in monitoring the dynamics of
many nanoscale systems. In addition, although there are few examples of stimulus-
driven assembly processes observed with light scattering techniques, itis in principle
amenable to multiple forms of energy input to support non-equilibrium behavior

with minimal perturbation.
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Figure 4.4 Capacity for Light Scattering to Probe Dissipative Nanoparticle Assembly.
a) Illustration of the imaging of diffusing nanocubes in solution through light
scattering. Particles that approach within a diffraction limit of one another (~100 nm)
cannot be differentiated. b) Frames from a video utilizing nanoparticle tracking
analysis to observe the movement and growth of transition metal oxide
nanoparticles. Adapted with permission from ref. 203. Copyright 2011 American
Chemical Society. c) Size distributions of two batches of maltoheptaose-block-
polystyrene nanoparticles formed under different synthetic conditions. Adapted with
permission from ref. 204 Copyright 2013 American Chemical Society.

Despite the simplicity of the technique, several drawbacks prevent light
scattering methods from being easily adapted to nanoscale dynamic systems. The
primary difficulty lies in the diffraction-limited nature of traditional light scattering
techniques that make single-particle tracking and characterization of assembly
mechanisms possible only in highly-specialized circumstances. Since single particles
can be resolved only if they are further than one diffraction-limit apart (~200 nm),
nanoparticle orientation is difficult, and in most cases, impossible, to detect except
through more advanced methods that excite and detect with linearly polarized

light.200 201 More importantly, NTA cannot differentiate an assembly of small
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nanoparticles from a single larger particle, assuming both are much smaller than the
wavelength of light. Such data can be useful for understanding the kinetics of the
organization process but there would be limited direct mechanistic information.
Thus, for most nanoparticle-based dynamic systems, light scattering and NTA are

most appropriate when used in conjunction with other characterization methods.

Despite the diffraction-limited nature of light scattering, there are several
systems where the technique could prove valuable. As mentioned above, light
scattering can be used to study the kinetics of assembly of molecular species into
nanoscopic objects, such as the formation of inorganic or organic nanoparticles.
Edwards and coworkers took this approach to monitor the precipitation of tolnaftate
(a poorly water soluble drug) over time as the average particle size, concentration,
and overall polydispersity changed, demonstrating the ability for this technique to be
used in pharmaceutical research where it is crucial to know the phase of various
drugs for accurate testing.1°8 In addition, light scattering is potentially useful in
certain non-equilibrium systems of swarming or flocking nanoparticles. If active
particles could be prepared with extremely long-range interparticle interactions that
exceeded the diffraction limit, single-particle behavior could be observed both
individually and in the collective.132 202 The relative insensitivity of light scattering to
various stimuli and the potential for high temporal resolution using more
sophisticated optics makes this a potentially powerful technique given the above

caveats.
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4.5.3. Super-Resolution Microscopy

The difficulties surrounding the use of light-based imaging methods to resolve
objects smaller than the diffraction limit are well-known. Indeed, decades of research
have resulted in the development of super-resolution (SR) microscopy methods that
aim to “beat” the diffraction limit while still using visible light as the imaging
medium.2%5 These techniques all rely on the recognition that the diffraction limit is
only problematic in standard fluorescence microscopy if multiple fluorophores
within a diffraction limit of each other all emit photons over the course of the
measurement. If one can ensure that only one fluorescence emission event is taking
place within the space of one diffraction limit, then the intensity of the emitted light
can be modeled using a point-spread function (PSF) - a mathematical description of
the blurred image of a poorly-resolved object.205 Since the emission event can be
assumed with high probability to have occurred at the center of the PSF, the
fluorophore can be localized with a resolution below the diffraction limit (Fig. 4.5a).
SR techniques that accomplish this can typically be divided into two categories:
deterministic and stochastic methods. Deterministic techniques, such as stimulated
emission depletion (STED) microscopy and ground state depletion (GSD) microscopy,
leverage photochemistry to force emission to occur in a spot size less than the
diffraction limit of light.205 Stochastic techniques, such as stochastic optical
reconstruction microscopy (STORM) and photoactivated localization microscopy

(PALM), exploit the chemistry of fluorophores to ensure that only a small fraction will
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emit over a given period time, thus enabling a super-resolved image to be constructed

by overlaying the PSF localizations from multiple time points.205

To date, SR microscopy techniques have primarily been leveraged by scientists
to probe the dynamic behavior of biological systems. For example, Eggeling et al used
STED microscopy to observe with 40 nm resolution that the cytoskeleton directly
influences phospholipid diffusion in the plasma membrane of cells.168 More recently,
however, there have been notable experiments that probe synthetic, particle-based
systems. For example, Hell and coworkers used STED microscopy to observe the
assembly of 200 nm polystyrene beads into a crystalline monolayer (Fig. 4.5b).173
Although the voids between beads were as small as 30 nm, they were nonetheless
able to be resolved using this technique. Most SR experiments achieve spatial
resolutions between 20-40 nm and have a high temporal resolution around 10-100
ms, depending on the camera used.2%> More cutting edge techniques have improved
the spatial resolution to as low as ~10 nm and Eggeling et al have shown the ability
to track the dynamics of biomolecules in plasma membranes with less than 1 ms
temporal resolution.206 [t is important to note that SR methods are capable of
providing spatial information both along the optical axis and in the 2D lateral imaging
plane, thus making the technique capable of providing three-dimensional
information. Hell et al has demonstrated this capacity by observing the self-assembly
of 20 nm polystyrene beads and monitoring the specific layer in which each bead

resides.207
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Given the high spatiotemporal resolution of this technique and its ability to
track three-dimensional motion, super-resolution microscopy could prove to be
invaluable in the study of numerous far-from-equilibrium nanoparticle systems. A
spatial resolution between 10-40 nm is appropriately high to observe most
nanoparticles, although if interparticle spacings are small (<10 nm), differentiating
individual particles in an assembly may still be challenging.208 Particles that are
geometrically anisotropic are also unlikely to be resolvable with SR, as features such
as tips and edges that circumscribe a particle are often less than ~10 nm in size. This
will limit the ability to observe orientational motion and ordering during organization
processes (Fig. 4.2b), thus making SR more amenable to measurements of
translational dynamics and/or the investigation of predominantly spherical particles.
With respect to temporal resolution, SR is perhaps the most well-developed of all the
methods covered in this article. In addition to being able to monitor most diffusion
and particle assembly processes, the dynamics of many systems rely not only on the
particles themselves but also on changes to the orientation or motion of surface-
bound ligands, e.g. in DNA-mediated hybridization.28 209 These molecular-scale
transitions occur on considerably faster timescales than many dynamic nanoparticle
processes, but certain SR techniques may nonetheless be able to observe and
understand these transitions in the context of the overall assembly mechanism.205
Being able to probe the molecular-scale ligand dynamics in tandem with the single-
particle and particle assembly dynamics would represent an unprecedented advance

in revealing mechanisms of self-organization and emergent behavior. Furthermore,
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there is nothing inherent to the operation of SR microscopy to prevent the use of
magnetic or electric fields, chemical fuels, heating gradients, or light as energetic

stimuli to induce non-equilibrium processes.
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Figure 4.5 Capacity for SR Microscopy to Probe Dissipative Nanoparticle Assembly. a)
[llustration of the imaging of nanocubes using super-resolution microscopy. Particles
must be labeled with fluorophores that emit individually and thus can be mapped to
a single point spread function and localized below the diffraciton limit. b) Comparison
of a diffraction-limited confocal image of assembled polystyrene beads and the same
assembly imaged using a super-resolution microsopy technique (stimulated emission
depletion, STED).173 Reproduced with permission from ref. 173. Copyright 2010
American Chemical Society. c) Super-resolved images of the formation of a
microtubule (purple) forming from a mitochondrion (green) over time.161
Reproduced with permission from ref. 216, Copyright 2018 Cell Press.

Despite its high spatiotemporal resolution and potential utility in
understanding nanoscale dynamics, SR microscopy does possess certain inherent
challenges that must be addressed. The foundational reliance on fluorescence means

that in order for SR techniques to image a given system, the particles under
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examination must either be inherently fluorescent or labeled with luminescent
molecules. Several common semiconducting nanoparticles are indeed fluorescent
and have a wide range of reported sizes, shapes, and surface chemistries (e.g. CdSe,
InP, ZnS).210 However in order to have photoemission at visible wavelengths, these
building blocks are typically smaller than ~10 nm and thus will be difficult to spatially
resolve.. However, anisotropic semiconductor nanostructures often have one or two
dimensions on the order of 50 - 100 nm and may therefore be appealing starting
points for SR nanoparticle investigations.211 212 For systems in which intrinsic
photoluminescence is limited, surface chemistry must be exploited to label the
particle with an emissive dye. In some cases, attachment of a fluorophore is
straightforward, e.g. using gold-thiol chemistry to anchor Cy5 to gold spheres.213
However, for other systems with more poorly understood surface chemistry, new
protocols may need to be developed to reliably attach fluorophores without
hampering colloidal stability. Furthermore, the fluorophore tags must be compatible
with the assembly mechanism, particularly if interactions are governed by ligand-
mediated binding. Care must also be taken in selecting the appropriate fluorophore
for a particular nanoparticle material system. For example, metal nanostructures
such as gold and silver can quench fluorescence,?13 particularly if the dye is close to
the particle surface or if there is spectral overlap between the emission of the dye and
the plasmon absorption of the particle.214 Therefore, the design of a nanoparticle
system that can be monitored via SR involves a non-trivial set of chemical challenges

that are nonetheless surmountable given the above design rules.
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While super-resolution microscopy is often used to study sensitive biological
materials and living cells (Fig. 4.5c), a common misconception is that the technique is
non-perturbative. Photo-induced cell death is a well-known phenomenon,?15
indicating that the flux of photons necessary to create high-resolution videos of
nanoscale phenomena will potentially impact the system through photothermal
heating or photoinduced degradation of crucial chemical species. For this reason,
systems that require light-based stimuli may be difficult to study using SR techniques.
Moreover, carefully controlled experiments will be necessary to ensure that the
behavior being observed is consistent with ex-situ experiments that are not under

intense light illumination.

4.5.4. Liquid-Phase Transmission Electron Microscopy

Rather than improving spatial resolution by circumventing the diffraction
limitimposed by optical photons, Materials Scientists have typically used high-energy
electrons for imaging purposes, as they have wavelengths on the order of picometers
and thus can resolve atomic-level structure. Transmission electron microscopes
(TEM) have the highest spatial resolution of this class of techniques and function
analogously to optical microscopes by generating and focusing electrons that are
transmitted through a thin sample.?17 Although most electrons pass through the
sample unimpeded, those that are absorbed, scattered, or diffracted contribute to
contrast and allow for images to be obtained. Advances over the past decade have

allowed aberrations in the electromagnetic lenses to be corrected for, enabling
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atomic-resolution images, in some cases with added compositional and/or electronic
structure information.218 However, because the electron source and optics must be
under high vacuum, the vast majority of transmission electron microscopes operate

only under dry, ex-situ imaging conditions.
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Figure 4.6 Capacity for Liquid Phase TEM to Probe Dissipative Nanoparticle
Assembly. a) Illustration of sealed TEM liquid cell, allowing imaging of spherical
nanoparticle assembly. Heating elements and inflow of new reagents to the cell are
indicated as methods to initiate reaction. b) Liquid-phase TEM images showing
assembly of gold nanoprisms over time.221 Reproduced with permission from ref.
221. Copyright 2017 Nature Publishing Group. c) Spatially-mapping dynamic motion
of nanorods leads to color-coded count of the total number of nanorods in each 5 nm
by 5 nm pixel. d) Plots of the radial distribution function and the pairwise interaction
potential of nanorods, extracted from the trajectories in part c).22” Reproduced with
permission from ref. 227. Copyright 2015 American Chemical Society.

Recent advances in microfabrication technologies have allowed for the design

of special TEM sample holders that are able to form hermetically-sealed chambers
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that isolate liquid samples from the high-vacuum environment of the instrument.219
These liquid cells are fabricated with small windows consisting of thin, electron
transparent materials (such as graphene or silicon nitride) that allow for
transmission of the electron beam through the sample (Fig. 4.6a). Thus, without
modifying the microscope itself, liquid-phase dynamics can be imaged.220 Although
resolution is reduced by imaging through liquid layers that are typically ~100 nm in
thickness, liquid-phase methodologies nonetheless can achieve single nanometer
spatial resolution,176 221 222 with some examples approaching atomic resolution.223 178
Most investigations to date have used the electron beam to reduce metal precursors
in order to monitor the dynamics of nucleation and growth.224 225 For example,
Alivisatos and coworkers differentiated two simultaneous pathways in Pt nanocrystal
growth - Pt® monomer addition and coalescence of small Pt particles into larger
objects.226 More recent work has shown the use of liquid phase TEM to follow the
assembly of metal nanoparticles into well-ordered superlattices and even map the
interaction potential between anisotropic particles (Fig. 4.6b-e).221 222 227 228 229
Although investigations of inorganic materials are more common, improvements to
the technique have allowed for the direct imaging of soft matter systems without the
requirement of labeling or staining with an electron-dense reagent.23? For example,
Gianneschi and coworkers observed the fusion and growth of amphiphilic block
copolymer micelles and Granick and coworkers were able to resolve the

conformational fluctuations of individual polymer chains.231 Single-particle and
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single-molecule dynamic studies of this sort are rare and highlight the resolution

advantages of liquid-phase TEM techniques.

Although liquid phase TEM is superior in spatial resolution (Fig. 4.2g), it also
has advantages in the time domain that make it appealing for use in studying
nanoscale dynamics. Although most CCD or CMOS detectors developed for traditional
TEM were not designed with temporal resolution in mind, they nonetheless typically
possess a frame rate on the order of 100 ms per image, which can be sufficient for
observing some dynamic systems. Fortunately, this field has benefitted tremendously
from advances driven by the cryogenic electron microscopy (cryo-EM) community,
where high-resolution structural information can be obtained on frozen protein
samples.232 In order to minimize the beam dose and subsequent sample damage, so-
called direct-electron detectors have been developed that are considerably more
sensitive and have higher camera frame rates than traditional CCD or CMOS detectors.
Therefore, the liquid-phase TEM community has recently been able to leverage the
improved temporal resolution of new direct-electron detectors to obtain movies near
1 ms per image;233 next-generation models are predicted to improve this figure to the
100 ps regime. Thus, with the advent of the most recent detector technologies, liquid-
phase TEM can resolve many of the dynamic processes that are expected to occur in
non-equilibrium nanoparticle systems. In addition, many commercially available
liquid-cell holders are fabricated with microfluidic channels that allow for the inflow
of new chemical or solvent components during imaging,234 thus allowing researchers

to trigger and observe a dynamic process or introduce chemical fuels to drive a
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system out of equilibrium. Electrochemical and heating elements can also be
incorporated into commercial liquid cells and thus offer several methods for

introducing stimuli to the system.

Despite the many benefits of liquid-phase TEM, several challenges limit the
ease with which this technique may be applied to nanoscale systems. The primary
difficulty lies in understanding and mitigating the role that the high-energy electron
beam plays in perturbing the sample of interest. As the beam passes through the
solvent, numerous radiolytic species are generated that range from highly-reducing
solvated electrons (E° = -2.90 V in water) to highly-oxidizing hydroxyl radicals (E° =
+2.80 V in water).235 236 219 There is therefore a constant flux of chemically-reactive
species being generated in any liquid-phase TEM experiment, the influence of which
can be difficult to determine or decouple from the dynamics being observed. There
are, however, a number of strategies that have shown some success in minimizing
electron beam effects.23” For instance, lowering the beam dose rate and minimizing
the cumulative electron dose to the sample can minimize the damage done by
radiolytic species;238 231 this is particularly effective with new detector technologies
that can produce an image with fewer electrons.237 239 Radical scavengers can also be
added to the solution that sacrificially react with and lower the concentration of
radiolytic species, protecting the sample under study.23° Indeed, if the system is
prepared correctly, the dynamics observed in the liquid-phase TEM experiment can
be replicated in ensemble measurements, demonstrating that the electron beam is

playing a minimal role under the conditions studied.231
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Through the design of careful control experiments, the impact of the beam on
the behavior of the particles in solution can be observed and accounted for in
understanding the system under investigation. Alternatively, as the radiolytic
chemistry generated in liquid-phase TEM experiments becomes more well-
understood, the electron beam can be thought of as powerful stimulus for
intentionally driving a system out of equilibrium, rather than as a perturbation to be
mitigated.23 Indeed, the beam is often used to create steady-state reducing or
oxidizing conditions to study the kinetics of nanoparticle growth or etching.176
Furthermore, when operated in scanning transmission electron microscopy (STEM)
mode, the beam is focused to a sub-nanometer-sized spot, and thus allows for the
highly-localized deposition of energy to the system.23° This may prove extremely
powerful in setting up an in-situ experiment that monitors the spatial dynamics of a

system after a chemical reaction is initiated at a specific location by the beam.

Although current liquid-cell designs allow for the straightforward
introduction of chemical, thermal, and electrochemical stimuli, additional energy
sources to drive systems out of equilibrium will likely be more challenging to
implement. Depending on the specific microscope, there are usually stringent space
requirements on the dimensions of the sample holder in order for it to fit correctly
inside the TEM column. Indeed, current commercially available liquid cell designs
accommodate an impressive arsenal of tools (liquid flow, heating, electrochemistry)
into a small volume by means of advanced microfabrication techniques.

Consequently, coupling additional functionality to the existing liquid cell platforms,
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e.g. optical fiber for wavelength-specific optical excitation of a liquid sample, is a non-
trivial enterprise and must be done in a way that maintains proper vacuum seals
between the sample holder and the column. Thus, although future advances will likely
address these difficulties, liquid-phase TEM is more limited in the types and
magnitudes of stimuli for driving a dynamic system than some of the other techniques

covered in this perspective.

4.6. Data Analysis, Deep Learning, and Multiscale Modeling

As the methods outlined above continue to produce images and movies with
improving spatial and temporal resolution, the size of a single dataset will quickly
become intractably large. For example, using present-day instrumentation, a liquid-
phase TEM movie collected for 1 minute at a frame rate of 1 ms represents an
uncompressed file size of 1.3 terabytes. This presents a problem that heretofore has
not required addressing by the nanoscience community- how to process, analyze, and
store large quantities of data that will be impossible for human researchers to analyze
frame-by-frame on an acceptable timescale.240 Fortunately, other scientific
disciplines have already confronted this challenge and have developed methods to
address it. The particle and astrophysics communities regularly gather massive
quantities of data that need sophisticated computational methods to identify and
promote meaningful data for human analysis while discarding the rest; it is not
uncommon for some measurements to produce raw datasets on the order of

petabytes - approximately one million gigabytes.241 Rather than develop new digital
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processing tools from scratch, adapting some of these existing methods for analyzing
time-resolved data on dynamic nanoscale systems is an appealing strategy for

addressing problems of big data.

Some of the first image processing tools developed for videographic data
originate from the colloid physics community and have been used extensively to
extract quantitative data from optical microscopy-based measurements.242 In
general, these techniques function by locating particles in each frame through an
edge- or contrast-detection algorithm that differentiates a particle from the
background. This allows the software to link the changing locations of particles in
each frame in order to map single-particle trajectories, from which various properties
can be calculated such as the velocity, diffusivity, or interaction potential. These
techniques have become commonplace34 243 and there are now many freely available
codes that make this sort of analysis relatively straightforward.24#* More recently,
researchers have leveraged these image processing tools to extract the same kinds of
quantitative measurements but from videographic data on nanoscale dynamic
systems. For instance, Mirsaidov and coworkers used rotational and translational
particle tracking to understand the anomalous diffusion of nanoparticles adsorbed to
a surface.2%> In addition, Alivisatos and coworkers showed that by mapping the
numerous orientations that two gold nanorods sample as they approach one another,
the pairwise interaction potential could be calculated from liquid-phase TEM movies
(Fig. 6¢c-e).227 Image processing methods continue to advance, particularly in ways

that help to overcome some of the limitations of the measurement techniques
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discussed above. For instance, Browning and coworkers have used an image
reconstruction algorithm to generate high-fidelity liquid-phase STEM images using a
fraction of the electrons normally required in conventional imaging; this minimizes
the cumulative electron dose to the sample and thus mitigates radiolytic products and
beam damage.?4¢ In addition, Helgeson and coworkers have developed a technique
that can extract the diffusivity of sub-diffraction sized nanoparticles by analyzing
intensity fluctuations between frames in a diffraction-limited optical microscopy
video.247 Integration of these methods with instrumentation software will help to
minimize perturbation of sensitive samples and will allow for data analysis in real

time.

Although image processing methods will allow for explicit quantitative results
to be extracted from datasets, more advanced deep learning and machine learning
algorithms will allow for the automatic identification of relevant results and thus may
be helpful in sifting through large quantities of data.240 Just as experimentalists
develop intuition over years of work that allows them to quickly identify areas of
interest in an experiment, neural networks can be trained with simulated or
experimental data to identify those components of a dataset that are most important
to the researcher.248 249 After this training, the neural network can process large
datasets more quickly, and in some cases more accurately,24? than humans and
promote relevant results for further analysis.250 251 252 Within the last decade,
significant progress has been made in implementing deep learning to enhance the

efficiency of processing data from AFM,2°2 SR microscopy,?°! and electron
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microscopy.2>3 For instance, a neural network has been trained to analyze electron
microscopy images in order to identify defects in graphene sheets and count the
number of atoms in a metal nanoparticle.253 For stochastic SR techniques such as
PALM or STORM that require thousands of diffraction-limited frames in order to
construct a single super-resolved image, Zimmer and coworkers have demonstrated
that a trained neural network can construct a super-resolved image using two orders
of magnitude fewer diffraction-limited frames, thus drastically increasing overall
throughput.2>4 Interestingly, these deep learning approaches need not be applied
only to the post-processing of data but can also be used in real-time to enhance the
rate of data collection by incorporating feedback loops between the neural network
and the instrument during data collection.254 250 This has been demonstrated recently
by Li et al in the development of an atomic force microscope that can gather data on
a sample, identify regions of interest during the imaging process, and then carry out
more detailed experimentation and imaging at those regions of interest, all without
human intervention.?5> More detailed discussions of progress in this area are
available elsewhere,250 251 252 255 253 254 but the general trend towards large volumes
of data and the need for automated analysis tools appears inevitable. This is especially
true for the single-particle techniques covered in this perspective and thus highlights
the need for collaborative work between computer science and chemistry

researchers to address these challenges.

The tendency for emergent systems to depend on the properties of both single

particles and their collective (multibody) interactions leads to a unique set of
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challenges in developing models that can accurately capture non-equilibrium
behavior. Typically, phenomena at each length scale are considered independently
and then must be integrated to generate a model that predicts the properties of the
hierarchical system as a whole; such a process is known as multiscale modeling.25¢
This approach often simplifies various features of a system but in return can reduce
the computational burden to make tractable problems that would otherwise require
extraordinary resources to model atomistically. One approach identifies and models
the most important components of the system that are necessary for accurately
portraying a given property while averaging the remaining components as a single-
parameter effective medium. For instance, it has been shown that solvent-free
modeling can simplify computations while still accurately displaying the behavior of
membrane proteins.?57 Another approach seeks to mathematically couple equations
that are typically used on separate length scales, resulting in hybrid hierarchical
models that function on multiple length scales.2>8 Fortunately, there has already been
measurable advances in developing multiscale modeling techniques that capture
emergent behaviors. For instance, Chen and coworkers have developed a
computational platform that can predict the emergent properties of bimetallic
catalysts and identify which structures are ideal for a given reaction.2>? Multiscale
modeling can also be beneficial in cases where the observed properties are sensitive
to a large number of physical variables, thus making causation difficult to establish.
For instance, Chatterjee and Vlachos developed a hierarchy of coarse-grained models

that enabled the derivation of a phase diagram of assembled nanoclusters without
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testing the multitude of individual variables present in the system.260 Developing
multiscale models to analyze nonequilibrium nanoparticle assemblies will help
researchers predict systems that might display a given emergent property and will
aid in the analysis of emergent systems to better understand the variables to which
they are most reliant. Although the nuances of multiscale modeling are beyond the
scope of this perspective, numerous resources are available that may facilitate

theoretical investigations into nonequilibrium nanoparticle systems.256 257 258 261 262

263

4.7. Conclusion

Although the majority of nanomaterial systems are structurally static,
generating and understanding systems that are dynamic represents a burgeoning
field. Fundamental principles surrounding the concepts of emergent properties, non-
equilibrium self-organization, and stimulus-based adaptation all represent important
and fascinating avenues of scientific inquiry that can be investigated in these systems.
However, the development of new research directions requires the appropriate tools
to interrogate their questions. To date, there is no singular measurement technique
that can satisfy all the requirements of tracking single-particle trajectories driven by
external energy sources in a manner that is minimally perturbative. The vast
opportunities for new scientific understanding and the development of advanced
materials will be intrinsically linked to the characterization of dynamic nanoscale

systems. By highlighting those approaches which are most amenable to addressing
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the measurement challenges posed, and indicating needed areas of improvement, we
hope to spur the community to contribute to the development of this new class of

powerful methods and instrumentation.
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Chapter 5

Conclusion, or There and Back Again

This thesis explored the development of higher level control of nanoparticle
assembly through careful modulation of ligand chemistry. It will take many
generations of researchers before synthetic systems begin to approach the
complexity inherent in natural systems. However, this work represents a step
forward in the development of self-assembling nanoparticles towards sophisticated

synthetic systems with a high degree of function.

In Chapter 2, I presented my work applying traditional functionalization
techniques to highly nontraditional particles, ultrathin Au nanowires. In this work,
AuNWs were successfully functionalized and phase transferred into water, enabling
their assembly states to be controlled using two different methods. Through
introduction of Ca2*ions, nanowires could be assembled into bundles with HCP order.

Through adjustment of the pH to acidic conditions, nanowires could be assembled
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into similar bundles (albeit with different spacings) through hydrogen bonding in
addition to forming other assemblies with a lamellar structure. Furthermore, these
assembly methods could be leveraged to form macroscopic fibers with vastly
different properties based on their differences at the molecular level. Further
research will continue this trend, exploring the complete phase space of assembled
nanowires in addition to characterizing how the AuNWs assembled at the nanoscopic

level translate their properties to materials at the macroscopic level.

In Chapter 3, I showed how DNA-functionalized nanoprisms could have
extremely sharp transitions between the assembled and disassembled state based on
the flexibility of the DNA linking monomer particles together. The breadth of these
transitions could not be explained by current models that seek to explain the melting
properties of assemblies of DNA-functionalized nanomaterials. Through careful data
analysis using van ‘t Hoff plots, | demonstrated that flexible linkers had a higher
entropic cost to hybridization during assembly, but were also able to make many
more connections than their more rigid counterparts, explaining the primary driving
force for this phenomenon. Future scientists will be able to take these findings and
better adapt synthetic systems to have higher transitions between states through

enhanced multivalency.

In Chapter 4, I explored one of the major challenges of developing dissipative
self-assembling systems: finding the proper analytical technique to characterize such

systems. I discussed the advantages and disadvantages inherent in in situ AFM, light
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scattering, super-resolution microscopy, and liquid-phase TEM, as well as
hypothesizing what kinds of systems each technique is best equipped to analyze. I
finished with a discussion of the growing problem of big data, where the
improvement on spatial and temporal resolutions in these forms of microscopy lead
to massive amounts of raw data that will prove difficult for human researchers to
study in a set timeframe, leading to the need for better data analysis techniques such
as deep learning and multiscale modeling. The discussions in this chapter will prepare
various research groups interested in dissipative self-assembly to have ready access
to the necessary tools needed to develop nonequilibrium synthetic systems with high

degrees of complexity.

Collectively, the goal of this thesis is to move the field closer to developing true
biomimetic systems. Biological materials are profound in their depth and complexity,
being able to rapidly respond to stimuli and grow due to their nature as far-from-
equilibrium structures. We are admittedly, nowhere close to being able to instill the
same level of function in synthetic systems. However, the fact that many of these
biomaterials are natural nanomaterials means that such a goal is possible even if it
will take practically countless scientists’ lifetimes of work to accomplish. This thesis
represents my contribution to that team effort in the hope that it will help and inspire

others to do the same.
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