ABSTRACT

MISHRA, SUMEET RAVISHANKAR. Selective Atuation ofPolymer Nanocomposites by
Controlling Properties of Magnetic and Plasmonic Nanoparticles for Soft Robotics
Applications (Under the direction dbr. Joseph B. Tragy

The field of soft robotics is associated with soft materials that are amenable to
reshaping, which encompasses a broad range of material syistenmterms of both their
composition and structural design. M@monly employed materials include elastomers,
hydr ogel s, ther mopl astics or their composit
hardmaterials allow for actuatioof their soft matricesising mechanical, chemical, magnetic,
or electricalstimuli. Polymer nanocompositéPNC) actuatorsfor soft robotics combine the
elastic properties of the matrix with the functional response of nanopar(idles. The
response of these actuators can be tunethdfunctionaity and physical properties of the
nangarticles as well as by their arrangement within. The focus of this dissertation is to devise
such systems where selective actuation of a polymer nanocomposite is achieved by controlling

one or more of the above factors.

The experiments establish the pradfconcept for the various techniques to achieve
actuationin selected polymar Spefically, systems withtwo differentsets ofnanoparticle
were studied: magnetic and plasmonanoparticls. One-dimensional (1D) arrangement of
magnetic particles to chains imparts anisotropic magnetic properties to thesulting
compaite, which has been utilizeth obtain an anisotropic mechanical responBas
selectivity in actuatiorwas shown to b@resent in uniform field as well as magnetic field
gradients.A model was also designed to describe the actuation behavior for simple bending

experiments.



In the second project, plasmomeanoparticle were incorporated into shape memory
polymers which allowed shape recovery by photothermal heating. By using fieoedit sets
of plasmonic NPsindusingthe lightsource with the correct wavelength correspondingt®
of the NPs, selective heating and therefore selective recovery was obtaimeds useful for

designing sequential or selective actuators from #imescomposite.

An electrospinningsetup was designed and fabricated to obtain nanoscale fibers of
different materials. Collaborative projects were undertaken to incorporate interesting

nanomaterials in electrospun fibers.

Theoverallgoal of this researdh to lay the groundwork towards development of more

advanced soft robotic actuators based on functional polgemcomposites
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1. Soft robotics

Soft robots, n their simplest form, are flexible actuators whie@nbe manipulated using
external triggersWhile conventional hard robots are now omnipresenre so in industries
they lack adaptability antherefore the safety required while working imgmction with
humans Soft robotics can be seen as atep closeto the transition between hunsarand
conventional hard robots. Soft robots bridge this gap by using structural materials that are more
flexible, adapable and therefore can be safely usedharmony with humans. While a soft
robot encompasses a wide variety of material systdimgypically has the following

characteristics:

1. The main structural partis composed «fodt material, mostly polymers

2. They are more flexible, and therefaadaptable to their environments

Several material systems can fall into the soft materials category and classifying soft robots
is thus an uphill taskt is important to note that not all soft robots are made entirely of flexible
materials. As long as theain actuator body is soft enough to allow flexibility in motion, hard
materials can be used to perform some of the other essential functions, like providing the
actuation motion, the stimuli, or the power sourkso, entirely soft bodies dead to less
precision in control, which is usually counteracted by making the robdhesk hybrid
materiak. These materials have distinct hard and soft components (major structural part),
where the conventional metals provide the precision in movement and camtoihe soft
body performs the actioithis is different from robots composed of several connected smaller
hard pieces to provide greater range of motion. The fundamental building block in such cases

are still rigid, and thus are not considered soft rebét



Becausesoft materials are extremely flexible, they do not rniedokestructurally predefined
for motion controj i.e. hingesor joints Moreover they can be continuouslgeformedover
their entire volume, both in shape and siadpwing for more complex and extended range
motion otherwiseunachievableising conventionahardmaterials Because of theiadaptable
nature,they provide less resistanaehile still maintaining support,which isthe qualifying
principle forrehabilitationdevices Hard robots made with much stronger materials are not as
forgiving, so industral practices have severe normsplacefor operationof a machinges,
but still need constant supervisiongoevent injuries Soft robotsare inherently safer and
thereforedo not need a degned failsafe, aseeded for most machine$his is especially
critical in biomedical applications, where the tolerancesnaseh lower. Often hard robots
have to be preprogrammed mrogrammedn situ to handle matials andobjectwith irregular
topography.Sometimethese objectthemselvesare soft, which causes them to deform under
the applied force, and slip out. Soft robots seadaptingn such cases: they flex according
to the contours of the object amovide more stability. Ko, most hardrobots have
appendages oattachmentsto handledifferent materials.By having lower elasticity soft
materiak can accomplish thisvith a singlearm and sometimge even without a need for

programming.
An ideal fully functional soft robot hashe threefollowing componentsin the order

of increasing functional complexity

1. Actuation: range of motions available \peogrammed or adaptivaimuli
2. Adaptation: environmental feedback looped with motion control

3. Autonamy: onboardenergy source



Soft robotics, as a field, evolved due to the efforts in bionmyniemulating organisms
from the natural world by understanding and replicating their structure, functional prigciple
and the governing mechanisms. Some of the best materials and most efficient systems are
known to occuin nature For example, human bone is the only known composite thdtdths
the high strength for functioning and the flexibility to absorb impachauiteither function
An octopus, considered by many as the perfect example of an ideal soft robanbagh
crushing power enough to break aniron rod in half, but can easily pass its entire body through
a hole no largethan a dessert platBtarfish @an regenerate entire organs, chameleons change
to practicallyany skin color for camouflagdduman skin ighe best knowrsoft sensarit is
selfhealing,can sense changes in temperature and humidity changes but can still handle the
pressures of entire dgweight In fact, several current systems that work efficiently were
inspired from such natural exampldé8hushan published an excellent review encompassing
natural systems that have been the inspiration for the advancement of modern tgchnolo

(figure £1).3
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Figure 1-1. Functional inspirations from nattre

Some of the simplest examples of soft robots are the ones capable of unidirectional

translation. This peristaltic motion is observed inveeal organisms, and has distinct

advantages when exploring confined spaltesne study an inchworm type hybrid robot was

developed that worked based on anchor and slide type moveraedt in anotherstudy,

jellyfish was used aamo d e |

and slow elasticrecolland r

t o

ubber

gener at e

fimant ao

moti o

whi

n

ch

n

moyv es

i medus

by

and stretchin§. An autonomoussoft robotimitating snakdike motion was designed by Onal



et al. I uses a pressure control to create undulating motion that leads to horizontal translation

withbdamd actuati on, power, c¢cdmputation and

(5) e ——
Anchor-pull

WA S

. Changing feet

S a

Foot Body Annhnrrpush

Back view Side view

00:09 00:17

Figure 1-2. Biomimetic soft robots qaable of unidirectional motidri



In another biomimetic example, a soft robotic fish was designed that was capable of
rapid maneuvers with response rates on par with an actual Ashybrid soft robotic
fimeshworm crawlerwas designed by using a Niglape memory alloy fibers meshed with a

soft body?

Soft materials are also finding applications in wearable technolSgft wearable
robots based are designed dad/augment mobility and performance of the host while

minimizing resistance to natural motior$8oft robotic sensors can move effectively with the

Figure 1-3. Soft robotic hand$ 2

human body athsuch have been explored for use in gait and posture determifaBgrusing
passivecompliance in the desigbeimel et alwere able to desiga dexterous soft robotic
hand,which could mimic 31 of 33 grasp postures of a human Bafksign and testing of an
inexpensive, modular, under actuated soft robot hand with pneumaticallyedcfila¢r
reinforced elastomer digil8 Severalprototypesfor assistivewearabledeviceshave been

developedo aid rehabilitation'* Wearable teafology is already hergthe prototypes have



already been made and designed. In one such prototype ofveesoéble keypad developed

by Kramer and coworkers, microfluidic PDMS microchasnembedded with conductive

liquid allow pressure sensitive change in resistaseevingasbuttons!*

Figure 1-4. Prototypes for wearable electronic deviéed

The current3D printing revolutionhas openedp new frontiers insoft robotis. 3D
printed robots incorporatingelthealing material in the design also enables teceive
excessive plastic deformatiéh Another example of 3D printed, bioinspired soft robot is the
AGoQbot o which <can calsawdeasa its speed ky adlingolikel al vy ,
caterpillar 3D printing also allows use of different materials for design, which can be
combined to crate multifunctional structures. One such example is a soft robot made with
materials with incremental stiffnessyhich allows controlled, directional jumpg via a

chemicalreactiont®
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Soft robots are already her@nd their use is anticipated to greatly expantherfuture
In one of the foremost examplel,deam of roboticists, engineers and surgeons atd&ing
College London have for the first time optged on a human body using a soft surgical robot

as part of keyhole surgery, with the aim of dramatically improving future surgical prattice.



2. Nanoparticles(NPs)
Properties on the nanoscale

Nanoscale materials are definedsaisictureshaving atleastone dimension less than
100 nm.Following this definition,the number of dimensions smalléan 100 nmare 3 fora
nanoparticle2 for nanowires/nanofibersand 1 fora nanofilm Even so, there amgidespread
examplesin the literature andn practical usewhere the ternfinan@ has been ambiguously
used for particlesvith larger dimensios By virtue of their small size nanoparticlehave a
huge surface are@-volume ratio(which scales as/R); and a much larger proportion of
surface atomssacompared to bullDue to the incomplete coordination®dirface atomsthey
arehave greatechemicalreactivityandcan impart noveproperties that are distinct from bulk

materias.

Melting point depression In the nanoscale regiméie melting point becomesize
depenént. More specifically, as th@anoparticlesize becomes smaller, the melting point
monotonically decreases whi ch i s ter med ad&Sevierai¢théotiesinmge poi n
been put forth to explain this phenomenonfedv of themaredepicted in the figure below.
In the homogenous melting hypothesis (HMH), melting occurs at a single tempenatiugee
the entirenanoparticles liquefied.In the liquid nucleation and growth (LNGjodel aliquid
skin forms at a lowaemperatureand continues to grow inwards until the entiemoparticle
is liquefied at the melting poinLiquid skin melting (LSM) is similar to HMH, but predicts
formation of a liquid layer on the surface whnoparticleinitially, followed by complete

liguefaction at a higher temperature.
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Figure 2-1. Theories for melting point depressiomianoparticle'®

Surface plasmon resonancéSPR). Since the size of theanoparticle issmaller than
the wavelength of the visible lightanoparticles camteract differentlywith light thanbulk
materials. In noble metalanoparticls, e.g. Au and Ag,this leads to increased abstignof a
specificwavelength This can lead to significant enhancement of Raman sigmhish is
useful for imaging as isurface enhanced Raman scatteri@gRS, or converted to heat in

the surrounding mediurfphotothermal heatingFurthermorethe SPR characteristics of noble

10



metd nanoparticle can be tuned by designinifferent plasmonic structurdsased on their
size, shape, compositioandenvironment® The SPRand ensuing photothermal heatiage

discussed in more detail in ti@hapters.

Quantum confinement Bulk materialshave dixed band gappbetween the conduction
and valence bamsgd which dictates their characteristic electronic propert\é@hen the
excitation light pulsénas higherenergythan the band gaf»E,), it causesanelectron to jump
to the conduction bandleavinga hole in thevalence bandThis electrorhole pairis called an
exciton. The minimum energy of an excitontiais given byEg, with acorrespondingverage
separation distance knownths Bohr radiusin asemiconductingnanoparticlewherethe size
of the materiais close to obelowtwice theBohr radiuss uc h t kuarturadorfinedps
the energy of the exciton increasasd thepropertiesof the exciton now depend on the size
of nanopatrticle In such ananoparticle also called aquantum dot (QD)confinement in 3D
causeghe conduction and valence barid$ave discrete energy leveds shown in figure-
220 This quantum confinement is also peatin nanowires or nanofilmgorrespondindo 2
or 1 confined dimensions respectively. For a semiconducting materiglconstant g,
recombination ina bulk crystalcanlead to photoemissiornwhich is characteristicof that
material. Since gor QDs can be controlled by their sizéalso allowscontrol of their optical

propeties?’ Compared to their bulk counterparts, Q&salsohave very high efficiencyf

11
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emission which is the energy ratio ahe emitted to absorbed lightiIndeed,somecore-shell

structuredsemiconductingQDs have been shovio achieveclose to 100% quanturyields.?

Conduction
band

Figure 2-2. Separation of the conduction and valence bands into dis
energy levels in a semiconductor quantun?tot

Magnetic properties: Most bulk ferromagnetic materialsare composed afultiple
domains which areseparated by domain walls. Frenkel @mwatfmanwere the first to predict
the existenceof suchindividualdomains where each domain has its own magnetization vector
and therefore a net magnetic moni@nAs the size of the materidecreaseshe energy needed
to maintain a domain wall increases, to a point where it becomes energetically unfasochble

the system collapses @single domainThis singledomain limitis given by:

RSD = 3@(Iex

12



where,|_, = 5
mM,
and k= |
mM

Wherelexanda representhe balance of dipolar interactions with exchange interactions
(A= exchange stiffness constant) and anisotropy enéiKgy crystallographic anisotropy

constant) respectivelyMs is the saturation magnetizatiprcharacteristic for the materi&l

Within a crystal structure, magnetization is favoadohgcertain directionsreferred to
asthe easy axis (or axesand unfavored along hard ax@heseeasy and hardxesdictate a
preference for the orientation of the magnetic moment, which is exgresan anisotropy
energy KV, whereK is the aforementionednisotropyconstant andv is the volume The
anisotropy constanK is characteristic forthe materialand dictates the single domain
spontaneousmagnetizationdirection of amagnetic nanoparticleunder zero field.This is

usually reflected by the large coercivity of seeanoparticls.

As thenanoparticlesize (and therefore volume) is reduced further, thermal fluctuations
within the material start to exhibit significant effecin e nanoparticlemagnetization. At a
size smaller than single domain limR<p), thermal energy is high enougbr more precisely
the volume anisotropy energy has decreased enadoigiandomize thenet magnetic dipole of
the domain, such that there is pieferred direction. Such @anoparticleexhibits magnetic
behavior resemblinga paramagneticmaterial with a large magnetic momentwhere the
coercivity is zero Hence the phenomenon is called aBsuperparaagnetismo The

superparamagnetisize limit (Rsp) for ananoparticles given by:

13



_ [okT
Rsp = a

Table 2-1. Typical values of the single domain limit and the superparamagnetic limit fc
magnetic nanoparticles at 306°K

Material Rsp (nm) Rsp(Nm)
FeOs 42.5 17.5
FesOy 52.7 12.2

Fe 8.3 8.0
Co 56.4 3.8

Typical values of the single domain limit and the superparamagnetic limit for magnetic
nanoparticle at 300 K are shown in tab®1.?® Superparaagnetismis reflected inM vs H
(moment vs applied magnetic fig¢lsheasurementsas performedn magnetometrywith zero

coercivity andno hysteresis, since any directionahgnetzation preference has been Iést.
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Figure 2-3. a. Superparamagnetis@as evident fronM vs H data.b. Superparamagnetic size
limit for FesO4 nanoparticle®
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Applications

As summarizedin the figure2-4 below the applications of nanoparticles are many
ranging from cancer therapy to quantum computingédlscleaning textilesWhile each of

these applications has diétal reviews btheir own, a few relevamnes arediscussed below

[ APPLICATIONS OF NANOPARTICLES ]
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Figure 2-4. Applications of nanoparticles @sirce:
http://people.forestry.oregonstate.edu/fanmonsen/researegreas John Simonsen, OSU)

Plasmon rulers: The SPRs oPlasmonic nanoparticle can couplewhen they are
assembledvith interparticledistanceson the order of their sizesesulting inshift in their
absorption.This shift towardslonger wavdength (or red shify is due to ensemble acting as a

longer particle. Alivisatos and coworkers have shown this by coupling Ag and Au
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nanoparticle into pairs using isgle-stranced DNA.?® Moreover, the shift in theSPRpeak
increases athe interparticle separatiatecreaseand thestrength of the coupling increases
Jain et alstudied he shiftin the SPRwavelengthdetweerpairof Au nanodiscs witllifferent

separatiomistancesand concluded that follows an exponential decay of the farm

D_/ = Ag /D)
/

0

wh e r eoisghe frastional plasmon shifsis the interparticle separatiob, is the
particle diameterand Uis the decay constafit. Since absorbanceeasurementsre highly
sensitive, SPR shifsllow preciseneasurementsf nanoscal@alistances using thisystem,and
can beused agplasmon rules and forceéstrain sensor$® ® Figure 25 shows a conceptual

image of one such force sensdr
Transparent elastmer '

Metal nanoparticles
(in this case, gold)

Metal nanoparticles embedded force sensor

Force elongation Force

No force 4—100000000 —p

i!umnabon *\"'U”"W
Scattering light

(sensor ssgnal) Spectrum change

Inter-particle distance increases =9 Optical spectrum increase

Figure 2-5. Conceptual force sensor based on SPR shift w
changes in interparticle distariée
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Biological applications. Because of the inherent propertynahoparticleso generate
large local field enhancements, they are very usefglensitive detection systenigsiorganic
nanoparticle can also be functionalized with specifioblecules thaallows them to target
certain kinds otells or tissues. When designed withaousouter shell, they can also be used
to carry drugs and induce their controllesleasePlasmonic Au and Agranoparticle, and
semiconductingQDs therefore provide excellent sensitivity for biological imadih@y
suitably modifying the surface diie QDs, Ballou et alvere able testablize them invivo for
longterm detectiorand also improvedhe targeted tissue uptaké.Magnetic nanoparticle
have beerusedfor ultrasensitive magnetic resonance imaging (MRI) of cancer ¢ells.
Nanoparticle anfurther be engineered to have mplé functionalities In a notable design
as shown in figure -B, Ling et al.synthesizedron oxidenanoparticle with mesoporous silica
coating Incorporation of dl uorescentlye allowed for fluorescence imagingdddition to the
magnetic resonancamaging by the iron oxide core By adding targeting molecules on the
surface andhcluding a drug within the pores, th@anoparticlevasalsomade a targetingrdg
delivery agent, thus combining many functions into ¥na. similar approach was used by
Gaoet al.to synthesize multifunctional semiconting QDs with imaging targeting and drug

delivery application$?

17



Yolod

‘\,.N' @® Iron oxide nanocrystal
Anticancer drugs

l'v.,, . .
‘"'- . 0 “i.2 ™~ \un Phosphonate coating
4\1“" S "'Iq,, ~—-J» Targeting ligand

Figure 2-6. Multifunctional nanoparticldor imaging, targeting, and heat induced drug
delivery®

Moreover plasmonic and magnetinanoparticle have the capability of generating
localized heat. Combining this property witie targeting capability ohanoparticls, makes
them good candidates fhyperthermia especially in cancehérapy Plasmonicgold nanorods
(GNRs) andhollow ranoshellsthat have their SPR ithe near infraredegion have been used
to selectively bind to andestroytumor cells* %8 Magnetic nanoparticlesanbe heated with
alternating magnetic fieldsndhave been used @ancertherapyas well?°In one such study,
anantibioticdrug ciprofloxacin waseleasedhy means of swellinga composite of PVA/MMA
based polymer and E@; nanoparticle.®® In addition to composite particletyin films or
membranesan alsobewsd as Adrug del i ver ycuamedus tnsite, 0 f o
delivery. The polymes used for theseapplicationsare thermoresponsiveFor example
PNIPAM (poly(N-isopropylacriamide shrinks or expandsin response to temperature. This
alternate swelling/desvleng can be ued for controlled drug release. In one sucstudy;
subjectingFe nanoparticke incorporatd in a PNIPAM membranesubjectedto an external

oscillating magnetc field caused release afdrug. Furthermore, by controlling theulse
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duration andrequency thereleaseouldbe cyclically controlled. These membranes were also
tested for biocompatibility and could perform reledsegs 45 daysafter theirinjection>!
Since magnetic particles can meanipulatedand heated with external magnetic fields, it has
good potential for targeted delivery aatheroma A chitosan Fe nanoparticleomposite has
been shown to work successfully foancertherapy, where higher dydoading ancefficient
targeting can be achieved. Moreover this also allows a sielesrserofile allowing for more

control 22

SERS: Clustersof plasmonicnanoparticle generate high locahhancementgor hot
spots) in electromagnetifields. The Raman signal enhancement factors for thetesters of
nanoparticle are very high, up to 20and can be used for detection of single molectil&s.
These plasmonicanoparticle could be also be electrospun into nanofibers to create large

scale free standingSERSsubstrates®>’

Catalysis Owing totheir high surface aredo-volumeratio and correspondingly high
fraction ofhigh-energy surface atomspnanoparticle make excellent catalysts. To access the
surface however, theanoparticle haveto be homogenouslhgeparatavell enough, typically
in a solution. The caveat is that stabilizinggaoparticlen a solution requires a capping ligand
which reducesthe actualsurface area available foatalysis Neverthelesspanoparticle have
been used as catalysts for a numberezfctiors: oxygen reduction, alkereduction CO

oxidation, hydrogenatiorandcoupling reactions among othéfs’®

Synthesis of nanopatrticles

Chemical synthesisof nanoparticles: Faradayuseda bottomup approacho make

Au NPs,and bottorrup approaches continue to @@mmonly used foreproduciblyobtaining
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inorganicnanoparticlewith precisely controlled structures and properti&ganic ligands are
also often employed, where both the functional grang side chain have important roles in
mediating nucleation and growth and in determining the interaction olthaparticle with
the solvent and with each othé8ometimes, dditional ligands orsurfactardé are added to
either catalyze or direct trgrowth of nanoparticldo a certain shape. Thecursor chemical
are usually metatompounds such asHAuCl,4 for gold and Fe(acetylacetonat@s for iron/iron
oxide nanoparticle. Upon reduction othermolysis of the precursors, the inorgaatoms
begin to undergo nucleation and growthgands can mediatenucleation and growth by
dynamicallyattachingto the surfaces of the growing clusters and of the precursor metal. atoms
Steric effects can also have an important role in directing nanopagtiolgth Usually,
nanoparticle can be capped to a certain size by controllingtheunts and concentrations of
the precursors anthe temperature angactiontime. Ligand stabilization can be electrostatic
where like chargeon theligandsrepelother nanoparticle and keephemstalle in a solution.
Ligands can alsgrovidesteric stabiliation wheresteric interactions betweemnoparticle
prevents their cores from coming into contact and coaledtings been shown that changing

the shapeof the ligands carbe used to contrdhe nanoparticlesize as shown in figure -2.5°

INew sizes: 2 New sizes:
Augs(SCy)sg
A“e'fsc)ao

Figure 2-7. Role ofthe capping ligands imleterminingnanoparticle siZ8
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While solvothermal methods are reproducible and provide good control over the
resultantnanoparticlesize, obtainingmonalispersenanoparticle can ke morechallenging.
Size control during solvothermal synthesis can be achieved by tuning several factors.
Concentration of precursomffects both nucleation andgrowth rate. Using higher
concentrations of the precursor is desirablebtainmonodisperse sizes with higher yiel@s.
Careful control of thgprocessemperature can also giveonodispersaanopartites. Hyeon
et al. were able to obtain excellent monodispersity of maghe(oHee,Os) nanoparticls
(figure 28) by thermaldecompositiorof Fe with excessleic acid followed by ageing at much
higher temparaturé&. While most synthesis routes require higimperatures, nanoparticles can

also besynthesized at room temperatyfT)."”?

Figure 2-8. Monodisperse F&s; NPS!

Several systems comprising different solvents, ligands or capping agents, reducing
agents, and precursors have been explored. A variety of stabilizing or capping ageated

for nanoparticlesynthesis. Brust et al. synthesized thiapped Awnanoparticle frombiphasic
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toluenewater systemscontairing HAUCl4.”® Thiols are commonly used as capping agents for
Au, Ag, and Pchanoparticle.”® ” Amines, alcoholsand polymers like polystyrene and PVP
(polyvinylpyrrolidone) are also routinely used as stabilizers for varickisds of
nanoparticle.’® & NaBH, is a cormonly used strong reducing agent for syntriegi Au, Ag,

Pt, and Padanoparticle.” 758183 Reduction by citrate or tartarate salts can also produce stable
agueous dispersionsdnoparticle. Since these reducing agents are relatively weakctney

offer improved control oveparticle sizeand the morphologh3°> For organic dispersions,
formamide can serve as both reducing agent and a solvent with PVP as the capping ffolecule.
By usingo-anisidineas the reducing agent, which is soluble in lw#tter and organic solvents,

the same syntie method could be used to selectively stabilize maunoparticle in either

aqueous or organic solveffs.

Ligand exchange:Typically, polar ligandsmake nanoparticles dispersibfe polar
solvens, and nonpolar ligandsrender them dispersibie norrpolar solvers. For further use,
sometims it is necessary to transfer thanoparticle from polar to no-polar solventsor vice
versawhichis achievedy ligand exchange. Typicallgn excess of new ligands are added to
the solution containing theanoparticle and allowed to mix foextended durationLigands
that are partially soluble in both polar and +mwolar solvents are ideal candidates fagand

exchange.
Assemby of nanoparticle s

To make the best use pnoparticldunctionalitiesand ensure the translation of their
propertieon the macroscalassemblysdesred. Several studies have therefore Heensed

on assembling theseanoparticle in 1D, 2Dand 3D. Since it isnot practically possible to
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manipulate and control the positiasf eachnanoparticle assembly ohanoparticle reles
exclusively on their interactionsith each other ahwith a matrix phasewhenpresent. Such
selfassembly is especially important for assemiler length scalesnuch larger than the
nanoparticle themselvegmicronsor mm). Anensembleof suchnanoparticle carbearrangel

into higher orderedgtructuresby engineering theimteradions with each other anwith the
matrix or substrateSeveral methods of assembly of nanoparticles within polymers have been
explored in literature.Many selfassembly processes involvenctionalization of the
nanoparticlesurface. External stimuli caalso be used tamanipulate nanoparticle and
assemblghem in a controlled manné&t.Chainsof nanoparticle havealsobeen assembled at

oil-water interfacend then fixedsia photo-polymerizatior#®
Self-assembly

Seltassembly of nanoparticlesoccurs via particle nteractions. As a simple

approximation, thénteractionbetweertwo atoms is given bthe Lennad-Jones potential

U =46((2) )]
r r
Where r is the distance between atom centélis,the depth of the potential welh, n dis the

characteristic atomic diameteldendersonet al. derived an extension of this equation for

colloidal particleswith radiia; anda,as®

2paja2 p(ee 5210 L6 a3, -
U= < 172 -
[ Z )] for L< whereL=r (al a—z)

An excellentreview of these different forces has been presented by Bishoff duat.

as in formation of chemical bonds, assemblyhafoparticle usually causes tha to loseat
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leastone degree of freedonm their motion thus reducingthe entropy The interactions
between the nanoparticlgberefore have to be strong enough to overcome this energy barrier.
Typically, these interactianeed to have a magnitude of féwf to assemblananoparticle

from solutions.The Strengthand range ofhe interactiors thus hae a criticalrole in self
assemblyprocessesFor effective assemblghortrange interactias(few A) must be strong
(10-100 kgT), and weak interactions stould be longrange (10-100 nm). This becomes
particularly important for dilute solutionfelative b the nanoparticlesizes, shorandstrong
interactions have been found to be maesceptibleto formation of nonequilibrium

aggregateghases, and therefore, ler@nge iteractions are more preferatsfe.

Van derWaals (VdW) forcesare often important for guiding sedssembly VdW
forcesaretypically strongshort rang and become largely irrelevamh terms of assembly,
when the surface separation exceBd®nm. Theycancause agglomeration or clusterifuy
large nanoparticle (> few tensof nm diametey and may also cause precipitatiéor higher
concentrationof nanoparticle in solutions VAW attractions ar¢ypically balanced by using
ligands thatsterically or chemicallyrepel each other thereby stabilizing the dispersion.
NeverthelessydW forces carbe harnessed forovide a wide range of assemblgtductures

dictated by particle geometrize., particle shape, aspect ratio, and polydispePé?y.
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Figure 2-9. 2D seltassembly of NPscubic NPs into square lattice and hexagomadlyhedral
NPs into hexagonal lattiéé

Figure 2-10. 2D seltassembly of GNRs into close packed arrayshiles
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Figure 2-11. Segregation aring 2D assembly ofiold nangarticlesof different sizes and
shape¥

Figure 2-12. GNRs with very high aspect ratios forming directional ribbons/bufitlles
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As shown in figures -8B to 212, monodispersesphericalnanoparticle assemble into
hexagonallatticesor square latticeand monodispersanisotropicrods assemble into tHkke

smecticstructures while longer rods assemble into ribbons via ssitdeinteractions

Similar 3D structures can alsormed in 3Dthrough VdW interactions. By controlling
the nanopatrticlesize and evaporation conditions of a dispersion containings GaRbparticle
(figure 213), they could be assembled icubic closeepbacled (CCP) structure for

monodispers@anoparticle orinto acomplexABs type superlattice form binanyixtures®

Figure 2-13. 3D superl#ices selfassembled from CoPNPs*
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More complex shapes can also be formed se#assembly flower-like, rhombic
dode@hedron, and bipyramids shapes carobtined from Zr@ nanoparticlg® or large

micron scale cubic structurdém cubic ;O3 nanoparticle ®
Magnetic assembly

An icoric exampleof magnetic assembly and its application is thatnafjnettactic
bacteria, which hae chains of magnetimanoparticle within their flagella. These chaiast
as compagsssfor the bacteaand allowthemto migrateusingthee a rs mamgdeticfield toward
their intended habita®® Magnetic nanoparticle are typically singlecrystallineand can be
treatedas individual magneticdipoles which can assemlk# when interparticlanteractions
betweenthem are sufficiently strongThe magnetic dipolanteraction energyki,, between

two neighboringsphericalMagnetic nanopartickis given by:

E, = f;ang? gem - m 8w o

wherem, andm, are the moments of th@agnetic nanoparticke whose unit vectors
denote their orientations, amtlis the centeto-center interparticle separation, for which the

unit vector denotes thexia of their separation.

When presentin proximity, thesedipolesinteract and the assemble togethefThe
magnetic interactiors are 3D, long rangdyoth attractive and repulsiva nature,and have
directionaldependece Thereis also a volume effecbelow a critical sizethe nanoparticle
do not spontaneousBelfassemblén zero field, thoughexternal field can still drive assembly
under certai conditions Growing clusters of these dipoles create local fields dietd

gradients which further affect the assembly proceds the absence an external magnetic
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field, ferromagneticdipoleshave a tendency tform aflux closure loopsso as to minimize

the magneticenergy, as evident in ringsrmed by Co nanoparticle ! Applied fields can
overcome these local magnetic forces and cause the dipoles to orient along the field direction.
In this case, whilehe loopsare no longer closk chainsof magnetic nanoparticls instead

form parallelto the applied fieldlirection These chains cahen attract each other and come
togetherto form clusters, resembling stretched lo4P# similar effectcan also begsent in

magneticnanowirest®

Small moleculeassistedassembly

Nanoparticlesurface functiorigzation can also be uddo directassembly. The nature
of interactionsin this case is chemicalvhere the strength, spacirapd arrangement of the
assembledstructureis dictated by the interacting species. These linkmgeculescan be
functionalized on the entinreanoparticlesurface or specific to certain facets (crystallographic
or geometri¢, which then further allows for directessemb}.2® For example Glutahione
can be selectively attach tiee ends of GNRs, facilitating their endto-end assemblyMixtures
of functionalized gold nanoparticles and GNR=anforms long composite chains of these
nanoparticles (figure-24)1% Hydrogen bonding is an interestifigrce for driving assembly
since itis strong enough to withstand the entropic effects present in solution bureasrbed
by heating. In onsuchexample, Aghanoparticle, cappedwith cysteine, could be reversibly

assembled and disassembled withnges in temperaturé€®
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Figure 2-14. Chainlike assembly of ereind linked GNPs with small molecutés
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Block copolymers havealso shown promisefor assembhg of anisotropic
nanoparticle by means of confinement specific domainsUsing this methodGNRs can be
assembled over londistances, limited only by the assembly of the poly?®®’ Electric
fields have also been used to reorient GNRs insmltsolutiors.'®® Other technique for
chemicallycrosdinking GNRsinclude using ANOs; as acrossinker under UV light® and

use ofcucurbiturift®12 or dendrons for 2D assembli?
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3. Polymer nanocomposites

The field of polymernanocompositePNCs) is quite young. The first documented
synthesis of plymer nanocompositesNylon-6 mixed with claywas in 1993when Toyota
developed it for use in thefiming belt coverd!* This material class was invented exclusively
for applications andhas been iontinual useby almost the entire automobile industry since
then!® Polymer nanocomposi¢e aresimilar to bulk composits, only in this case the matrix
(thelarger phase) is polymer and the dispersantiaramaterial. Nanomaterials, specifically
nanopaticles, have properties drastically different from the buBome of these properties
have alreadybeen discussed in Chapter Ahalogously, heir effects in blends can also be
counterintuitive to those of larger particl®soperties of PNCs are theredoa combination of
three factors: the polymer, nanoparticle, and the interfacial interactt@rhaps the most
important factor goveing the degree of property changes on addition of colloids to polymers,
whether required, expected or detrimental, is the dispersibiligdparticls in the matrix.
By their nature, polymers andanoparticle are chemically dissimilar and therefore
incompatible. For many applications and for controlled propertless crucial to ensure a
uniform distribution ofnanoparticle in the matrixand to avoid clusteringr agglomeration
so that the properties of the composite ewasistent angredictable ovedifferent areas,
batches or sectiondlanoparticles have a high surface area to volume ratiothasdhave a
large surface area for exposed for interactiwith the matrix Thereforethe size, shape, and
functionalization of the nanoparticles are kagtbrs in designing the final properties of the

PNC.

Size ofthe NPs is comparable the freevolume of an individual polymer chain

represented by its radius of gyratiét). Therefore polymers and NPmiteract oraphysically
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fundamental scaldé-or example, nstead of increasing the dynamic viscosaty in larger
particles researchers found thammaller nanoparticle can potentially cause a decrease in
viscosity. This was attributed t@noparticls affecting the polymer on individual chascale
i.e., on their conformation and free volurtié Specifically, the interaction of polymsrand
nanoparticle can be expressed in termsdBs, where d is the nanoparticlediameter.
nanoparticles tend to beisuible in the matrix when the diameter is smaller tRanof the
polymer. Typically whend > Rg, there issignificant effect on the configurational entropy of
the polymersandif the nanoparticle size is much larger thanRgeit causephase separation.
Furthermore,if the polymerunder consideratiors adiblock copolymerandthe nanoparticle
is compatible with one of thpolymer chainsit would undergophase separatianto one of
the blocks'!’ In general attractive interactions b&een the nanoparticle surface ligands and

the polymer chains favor uniform distribution with negligible phssparatio!8

For the purpose of understanding and predicting these interactions, experimentalists
and theorists alike have considettlition of nanoparticle a analogousto mixing of two
polymess. As such,addition of ananoparticlewithin the polymer matrix has both enthalpic
and entropic contributiondn the case of polymemixtures the Flory mixing parameter..,
which is the interactiorparameter between thgvo polymers, dictates the formation af
homogenous ophaseseparated blend. Similarlyprf asphericalnanoparticleof diameterd,
the insertion enthalpyproportional to the surface area (extra area inseltedjiven by
(4" d?).1° The Enthalpy of mixing can be modifiet improvethe dispersion and stability of
nanoparticle within the matrix by modifying the surface ofanoparticle such tat theligand
is compatiblewith the polymer chains. This can be manifested by usgympriateligands

while synthesizingthesenanoparticle or through ligand exchangenother technique is to
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graft chemically similar, or in some cases identigadlymer chainso r Abrusheso

nanoparticle postsynthesis Monomer brushes attached toNP surfacecan be further
polymerized There is however an optimum density of these brughewluce miscibility in
polymeiic matrices'?® Theoreticalstudieshave shown that by increasing the length of the
grafted polymer chain, the resultaagsemblyof the nanoparticle can be controlled from

aggregatd clustes ofnanoparticle withno grafting to isolatedneswith long chains!?!

Polymer nanocomposites on different scales

Polymer nanocomposites can occur on different scalestly depending on the size
of the polymer matrix (figure 31). Coreshell PNG have a much higher inorganic content
wherethe oreis usuallyof thickness of the order enaneters omicrons. Polymeric fibers
containingnanoparticle have higher pginer content, whichitilizes the porous nature of the
fibers/fiber matto improve accessibilitto the functional properties of the embedded
nanoparticle. Bulk polymer nanocomposites encompass everything on the macrosiuale:
films to large volume matéals. In generalthe complexity of synthesigndimportance of the
interfacial propertiesincreases with the&ecreasingatio of the polymer content. Therefore
some of the earliest PNCs weralk materialsdesigned or robust applicatignsith further

developments in the core shell PNCs for sophisticated biomedical applications.
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Figure 3-1. Polymer nanocomposites on different seate capsules. fibersc. thin films d.
bulk

Core-shelt  Typically, synthesis of coreshell particles is done by warface
functionalization of inorganic nanoparticls with monomers/long chaindollowed by
polymerization to create the polymer shelFor example, Fe;O. nanoparticlescan be
functioralized with hydroxyl groups thatnitiate ring opening polymerization to create a PCL
shell*?? The thermoresponsive PCL shell could then be heatedibg AC magnetic fieldg?3
Gold nanoparticle were coated with polymer shells based on NIPpoly (N-
isopropylacrylamide)) by surfaceinitiated radical polymerization on thenanoparticle
surface'?41?> Xu et al.graftedgold nanoparticle on the surface of a thermoresponsive polymer
in a satellite fashion, which theoould be brought closer ofurther apart by heat and p#f
Compositestructurescan alsdoe preparedy in situprecipitationof nanoparticle from their
precursors after forming the polymeric shdfl. an apparent reverse process, Kamnal.

synthesized spherical polymer nanoparticles based on NIPAM, and used them as templates for
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growth of gold nanoparticles withid’ Generally this limits the size of theanoparticle
formed, which are not as monodisper¥€.Similary to the synthesis ohanoparticle, control

over the composite particle size and shape can also be obtained by tuning the interfacial
interactions between the organic and inorgaroostituents By manipulating the interfacial
tension between the polystyrene and silica cgatiin and coworkers were able to obtain

concentric.eccentric and anisotropic nanoparticlés.

H Fe;0, CNC

o ) SIiO;

Polystyrene

}. _

0)--0-—+(0)—(0o

Figure 3-2. Control over particle morphology by tuning interfacial interactiéis

Perhaps the most importaapplication of a corshell PNC is in controlled drug
release. Typicallya functional nanoparticleis coated with a layer of stimug-responsive
polymer that undergoes reversible shape and volimamgeswith temperature or pH. The
polymer coating furtheallows for loading of drugs, and itseleases stimulated via the
functional properties of theanoparticlecore. Several studidgve been conductedsing this
approach 12 The polymer shell may encapate more thamne set ohanoparticle to make
them multifunctional For exampleaddingfluorescent CdTaenanoparticle along withFesO4
within a INIPAM shellprovidesenhancedmaging with the capability ofnductive heating®3#

If the polymer shell is msslinked, heating cancauseirreversible cracking othe shell,
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releasing a larger amount of loaded difig. In another example, aanti-cancer drug,
doxorubicin was loadedin a PNC nanoparticle with a magnetic core andoorous
thermoresponsive shell, anchighstimulated release rate was obtained by heating the particles
with high frequencymagnetic fieldsSince heatnducesvolume changes, such a release can
be controlled by switchingn/off the field pulse’® Such multifuttional nanoparticle, with
capabilites of targeting, drug delivery, and even controlled in situ heating have found

tremendous applications in the field of drug delivery.

Fibers: Electrospinning is the most popular technique to prepare polymer
nanocompose fibers with dispersed NPs Electrospinning, or more precisely
electrohydrodynamic spinning, generates nanofibers by electrostatic extension and deposition
of the polymer, via high voltages maintained between the polymer solution and a metallic
collecta. The processs describedn greaterdetail in chapter 6. Large shear stresses are
generated during electrospinninghich can be used for controlled assemblyarioparticls.

If the particles are anisotropic, this also cause them to align along ¢nelitection, resulting

in more interesting anisotropic properties. Gimmensional assemblies of spherical Au
nanoparticle have been obtained within fibers by electrospintfhélectrospinning has also
been used to assemble high concentrations of GNR&®VA fibers leading to plasmonic
coupling, in both sideside and endnd directions for GNRY! By using special collectors,
further alignment of the fibers on the macroscale is also possible giving gives anisotropic

optical properties to these fibaats!®
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Figure 3-3. Assembly ofa. GNSs andb. GNRs in fibers byelectrospinnig'36138

Generally, thenanoparticle are presynthesized and dispersed in the polymer solution
after suitable surface functionalization. In some instances, the only contribution of the polymer
is its function as the carrier material. Another interesting technique to make PNC fibers is to
incorporate the inorganic precursor within the polymer itself and then use UV irradiation to
transform them intmanoparticlse. This method does not require a ligand or a reducing agent,

sincethe polymer matrix serves as both but temal give very polydisperse siz&¥4°

As expected, incorporation of functionalanoparticle into fibers translates those
properties to the polymer composite itsétbr example, embeddinlylagnetic particlesn
fiberscan makehemmagnetically respoige.*! Iron oxidenanoparticle incorporated within
the nanofibers have been shown to have larger coercivities as comparedanagrarticle 142
These fibers could then be used for filters applicattbth®ue to their high surface area,
nanofibers sete as excellent hosts for catalysis and Igighensitie detection systems.

Incorporated ZnCl salt in PAN fibershas beerconvered into distinguishable ZnS surface
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crystals when exposed to,$] which can be used for sensifityIn another example, Ti©
loaded nanofibers were used as catalf@t watergas shift reactions®® Incorporation of
nanoparticle canalso increase the modulus of the fibbysup to 400%of the value for the
unloaded fiberd* Chromatic materialsvhen put in nanofibersould render them reversibly
color responsive to stress and applied curff€nthe Ability to make these fibers on a large
enough scale for membranes, filters, and mats combined with the accessibility offered by the
high surface area of the polymer fisemakes these materials vappealindor filtration and

wound dressing applications.

Thin films and bulk: Early developments in the PNCs shared a common theme: clay
particles were used as fillers, the polymers selected were of commercial importathce, an
primarily physical propertieswere explored. With increasing appreciation of the polymer
composites as candidates fepecializedapplications, research became more focused on
chemical compatibility and novel functionalities. in one of the first studéek in 1998for
example,Wang et al. mixedmontmorillonite with elastomeric polyurethanesd showed
simultaneos increase the strength and the elasticity of the compt8ilte a recent paper from
2015, Cellini et al. designed a mechanochromic PNCghvban change color reversibly upon
deformation of the polymer, providing a visual indicator of the applied stfaifhis was
achieved by incorporating a fluorescent dye, capable of changing its emission from the excimer
band to the monomer band, in dastomert® Addition of conductveparticles like carbon
nanotubes or silvaranoparticle could increase the conductivity of polymers to the order of
11 10 S/cmP®T152 presence of certain gas species causes chemical changes with ensuing
changes in the etérical conductivity of these composites, and thus can be used for detection

of pH changes and for sensing various gas¥'s® Use ofnanoparticle in polymers can also
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cause a shift in the refractive index, to both higher and lower values, for tungtiotal o
applicationst> Nanomaterials, likearbon nanotubeshavealsobeen shown to increase the
flame resistance of certain polymers to a much greater 8%&&ntEven before the mechanism
was understood, metal particles like Au, Ag and Cu have been known to have antimicrobial
properties. Recent research has shown thahdneparticle indeedcanact as antimicrobial
agents for several common bacteria and furgt tause biofoulingf*'%® TheseNPscould be
incorporated within the select polymers, which can then undergo controlled degradation for
turable release of metal ion§* This technique allows the use of antimicrobial properties of
the metals for variouapplicationsPolymers can be spcoated onto flat substrates)dthus

can be usedor making antimicrobial coating$® Films and membranes of these materials
could be used for food packaging as well as antibacterial textiles for cl&thif.Uniform
dispersios of nanofillers in polymers can also act as effective barriers for permeation.
nanoparticle can decrease the gas permeability of the composites by providing a tortuous
pathway for the penetrating gas molecules, and decelerate any ensuiagatiegt’?!’3
nanoparticle can also acts as local heat sinks, preventing thermal damage to the surrounding
polymer matrix, and thus allowing an electrically induced cyclic reversible polymer

breakdown, which can be used for switches or sensor applistto

Soft robotics potential: For several soft robotic applicatigmemote actuation dhe
polymer is highly desirabl&ypical stimuli used for these actuations are pneumatic, electrical,
electrochemical, or magnetic. While most polymers themselogwthave the functionalities
to respond to and therefotee actuatel by these stimuli, addition afianoparticls makes it
possible Polymer nanocompositegrethus great candidasefor soft robotsas they allow the

functional properties of theanoparticle to be manipulated independentlyhis allows remote
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programmingof PNCs withindependent contradver thestiffness for soft robos with better

compliancefor actuation
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4. Anisotropic actuation usingmagnetic dains

The Earliestknown magnetswere used asompasses for navigation or leading stones,
hencenamed as lodestonekodestones are primarily irofill) oxide (FesOs) occurringas
deposits in Magnesia in ancient Gre¢oethe mythical Magnesthe shephergdwhose iron
soled shoegot stuck totie rock3, which spawned the nam@nagned for the materialand
later Magnetite for Fe;Os. Since then magnets and magnetism have been studied and
understood by several scholars: Gilbert, Coulomb, Gauss, Faraday, Ampere, Maxwell, and
Oerstedto name a fewMagnetic materials always have a dipole associated with them, such
that the net magnetic charge is zero. Foragnetwith pole strengthp and distancé between
the polesthe dipole moment is given by=pl. The Field generated by a dipdkadditive two
identical dipoles combined together edgewise or lengthwise yield a dipole momen® phf
and converselyevery dipole can be subdivided ints constituent dipoles (or momentshn
applied magnetic field generates a moment within the material. The relationship is given by

B=pH.

Depending orow these momentsre arranged within the materigihey can be classified
as diamagnet, paramagnef ferromagned, antiferromagnat and ferimagnes. A simple

visual comparison different magneticmateriak is shown irfigure (4-1).
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Ferromagnetic: Equal,

I I I I I I Parallel magnetic dipoles
I l I I I I Antiferromagnetic:

Equal, Antiparallel
magnetic dipoles

l " m Ferrimagnetic: Unequal,
' I I Antiparallel magnetic
dipoles

\ / B Paramagnetic: Random
| M/

magnetic dipoles

Figure 4-1. Classification of magnetic materials based on spin ordefingoments

Magnetic Anisotropy

For most magnetic materials, the magnetic properties are different in different

directions. Depending on their origin, they can be class#mbrding tahe following:

1. Crystal Anisotropy: For every crystal lattice, whether dimensionally isotropic or
not, the atomic density depends on the crystallographic directions, which gives rise to an
anisotropy irelectronicconductivity. While the association is not as straightforward, magnetic
propeties arealsoanisotropic with respectto crystal directioRsr magnetization alongasy
diredions, saturationis achieved at low fieldsn comparisonhigher fieldsare required for
magnetization and saturation in hard directidhsery electronn anatomhas four associated
guantum numbers: principal (energy), azimuthal (angulamgnetic (orbital) and spin

guantum number. Crystalline anisotropy arises when the spin of one electron interacts with the
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orbital moment ofrother, resulting in couplingvhich variesfor different directions along a
crystal lattice. This directionalityives rise tdhe anisotropy energywhich is lowest along the

easy axis. Hence single crystal will have nerero magnetic momeneven when no field is
applied andan additional field is needd for reorienting the momesitin any other direction

With increasingtemperature the thermal energy increasingly randomizes the magnetic
dipoles, andhe Curietemperature, ferromagnetic moments decouple from each other and from

the crystal lattice

The same is true for polycrystalline materials, except that the easy axis may point in
different directiors within each domain, so that the net moment will have smaller value than
the sumof moment of each domai\ volume of atoms hang net single dipole is called a
magnetic domain. Domains can be smaller than the crystal size or as large as the sample itself.
Domainsmagnetizedalong easyxeswill be larger than domainsiagnetized along hard axes
With application of increasinglagetic field the dipoles are aligned forcibly along theld
direction increasinghe size of those domains. Domains pointing along diffed@rgctionare
separated by domaiwalls. As the field increases, the domain boundaries expand until the
entire ample is a single domain with only one dipole, when it is said to be saturated.
Regardless, saturation in this casquiresrotation ofthe magnetic moment of each domain,
referred to as domain rotation, parallel to the field uthtid domainscoalesce ito a single
domain. The Direction of easy magnetization isffectively the spontaneous domain

magnetization direction as well.

2. Shapeanisotropy: For a singledimension g§pherical)polycrystalline magrial with
randomly oriented grains, the net dipole momenusually small. But externally applied

magnetic fields inducesecondarymagnetic field within the samplewhich depends on the
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dimension of the sample. For a repherical shap¢he induced field wi have different values
along different directions, specifically weaker along shorter dimensidnch therefore
becomes the hard axis for the bulk samplleerefore in absence of other effects, a material
can be magnetize most easaéwng its longestlimension.the extent to which the shape plays

a role in the anisotropgisodepends on the ratio of the unequal dimensions and the magnetic
propertiesof the material.The interaction ofshape and crystalline anisotropiggically
determines theequilibrium direction of the net magnetic

moment as shown in figure -2. easy axis

Consider a crystallinderromagneticmaterial with a uniaxial
magnetic anisotropy subjected to applied fieldH. The

Anisotropy energy of the crystalline material is given

E= Ksinzq, where @ is the angle between the easy a

(shape or crystalline) and the saturation magnetizatiignThe

|

Magnetic potential energy is given:by

'\. |
\\\ /.‘

f’;

E= HMcos@ 4 \ /

-] Figure 4-2. Schematic for Stone

ity isE = Ksin’g -HM
and theNet energydensity is sin"q cos(a Wohifarth model

The equilibrium position isalculated fronb y =B avhich

gives
Ksin2g =HM, sin a -

3. Stressinduced Anisotropy: When a magnetic materia$ subjected to external

magneticfield, it undergoes physicalimensional changes. Thiffect wasfirst observed by
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Joule in 1842and ths phenomean is known as magnetostrictionConverselya physically
strained material will correspondingly exhibit changes in m®gnetic properties.
Thermodynamically it can bepresented a$®

1w
1

_ (M
v HH)P,T_ '(_B)H,T

where M is the magnetization, P the pressure, H the external magnetic field, T the temperature,
and V the volumeWhile it occurs in all materialgjsually the effects small, of the order of

10°.
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Remoteactuation of polymers is of special interest for soft robotics and biomedical
applications. One approach for actuating polymers is to embed them with optical, magnetic, or
electrically responsive particles. Embedding magnetidgbestin soft matrices like elastomers
and gels allows actuation with external magnetic fi€tlsConsequently, magnetic polymer
nanocomposites (MPNCs) have been useteamtelyactuated soft robots, including cilia,
microtransporters and microbdt33 Magnetic nanoparticles, when suitably functionaliZéd,
can be directly incorporated into polymer matrices through solvent casting or bulk
polymerization. Under application of an external magnetic fielggnetic nanopartictecan
assemble into chasnalong the field directidf?Y During chaining, the moments of the
magnetic nanoparticéealign in the field direction, and attractive dipolar interactions pull the
magnetic nanoparticte together (heatb-tail) to form chains.???6! Once the solven
evaporates or polymerization is complete, the chains remain embedded in the composite after
removing the field. The length and thickness of the chains and spacing between them depend
on the strength and frequency of the field, concentration afntgmneic nanoparticls, their
surface functionalization, and conditions for drying or polymerizatiof.

Onedimensional arrangement pfagnetic nanoparticéein chains imparts anisotropic
magnetic properties to the composite, which has been utilized here to obtain an anisotropic
mechanical response. The chainsn@fgnetic nanopartickemagnetize much more strongly
when aligned parallel, rather than orthogonéd the magnetic field directior?> 33
Consequently, alignment of the chains along the direction of an externally applied magnetic
field is energetically favorable. This magnetic anisotropy of the chains allows for selective,

controlled, and directial actuation in three dimensions (3D).
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In a previous study, segments of4scale polymer films connected by flexible linkers
were fabricated with embedded chains rofignetic nanoparticée oriented in different
directions in each segment. Applying magndtalds while these samples floated on water
caused bending, curling and other complesplame motion$ A similar result can be
achieved by employing anisotropy in the shape of the composite rather than of the arrangement
of the magnetic nanopartickewithin, as demonstrated in a microgripper composed of
elongated magnetic films arranged in a zigzag mdffthemagnetic nanopartickecan also
generate heat in response to ac magnetic fiéldahich in turn can be used for triggering
shape transitions shape memory polymet&] for magnetothermal repair of composit&s,
as an actuation mechani§ifi, and for hyperthermi#® While actuation in these composites
occurs on the um scale, we are not aware of previous reports of macroscale actuation of
MPNCs containing chains ofiagnetic nanoparticte

Here, magnetic nanoparticieassembled as chains within elastomeric films enable
directiorrcontrolled actuation of MPNCs. A composite sample containing chaimagretic
nanoparticle referhadnéed BMBNE&, dcwas prepared by
of 29-nm FeO, magnetic nanopartickeand thermoplastic polyurethane (TPU) in an external
magnetic field Figure 1). Magnetometry measurements were conducted to evaluate the
anisotropic magnetic pperties of MPNC. Higher magnetization was obtained parallel rather
than perpendicular to theagnetic nanoparticlehains. The magnetization directions of the
magnetic nanoparticeare determined by minimizing the magnetostatic energy, for which the
dipolar interaction energy among theagnetic nanopartickeand the Zeeman energy generated
by the applied field are the prevailing terms. Assembly ofntlagnetic nanoparticteinto

chains causes a directional dependence in the magnetostatic energy, dtbowaimgotropic
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actuation of the composite in 3D. Actuation experiments were conducted on a thin film
composite sample cut into the shape of a cross, where the arms facilitate bending and the chains
of magnetic nanoparticée point along two of the arms. &h t er ms , Apar al |
Aperpendicul ar armso refer to orientations
respectively. Actuation was investigated in both spatially uniform fields and field gradients.

In the spatially uniform, horizoritafield of the electromagnet, the sample was
supported in the center, while gravity caused the arms of the thin elastomer film to hang down,
nearly vertically. Two orientations of the sample were studiedufe 2a), parallel arms
hanging to the left andght sides (LR) and parallel arms hanging to the front and back (FB).

In orientation LR, as the field is increased, the parallel arms lift up toward horizontal, bringing
the arms andmagnetic nanoparticlechains closer to alignment with the field. The
perpendicular arms are unaffected, since the chains are already aligned with the field. In
orientation FB, the chains in all of the arms are oriented perpendicular to the field. Therefore,
the field causes a twisting torque in each arm to bring the chairexr éboslignment. Rotating

the sample within the gap of an electromagnet also shows a marked dependence on orientation.
Periodicity in the lifting behavior of 360° was observed for the parallel arms (Supporting
Information, Video S1 and Figure S1). At cemtangles of rotation, the perpendicular arms
snapped to obtain a new, more stable configuration. Snapping is caused by the release of elastic
energy that accumulates as the arm twi8ts

For experiments in a magnetic field gradient, the sample wadedoumthe center of
a flat rotating stage, and a permanent magnet was held at a fixed height above the edge of the
sample, such that the ends of the arms would pass beneath it (Figure 2b and Supporting

Information, Video S2). Only the parallel arms Idintard the magnet as they are rotated below.
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If the magnetic nanopartickehad been dispersed in the elastomer without chaining, the same
result would be expected for all four arms, either lifting if the magnetic force overcomes
gravity, or not lifting if gavity prevails. Selective lifting of the parallel arms can be understood
from the magnetic force, which is the negative gradient of the magnetostatic energy. The
magnetic force is strongest when the moments point in the direction of the field gradient. Fo
both perpendicular and parallel configurations, the field causes (via the Zeeman energy)
magnetic moments of thlagnetic nanoparticéeto tilt toward the field direction, and the field
gradient generates an attractive lifting force toward the permamegiet. The magnetization
of the chainednagnetic nanopartictein the direction of the field gradient is expected to be
higher for the parallel arms than for the perpendicular arms, which is consistent with the higher
magnetization of parallel than perpicular chains at a given field, observed in magnetometry
measurements (Figure 1c). Furthermore, magnetizing the parallel arm causes increasingly
favorable dipolar coupling as the arm lifts up, generating a sufficient force to overcome gravity.
Dipolar cowling in the perpendicular arm under the permanent magnet reduces the
magnetization in the direction of the field gradient; the resulting force is too weak to lift the
perpendicular arm. As the sample rotates, aligning the field lines with the perpendrcosa
Is expected to generate twisting rather than lifting, which is observed as a minor deflection in
their ends as they pass beneath the permanent magnet. The selectivity of lifting depends on the
distance between the sample and the magnet. At signlficghorter separations, both parallel
and perpendicular arms lift, while neither arm lifts at longer distances.

It is also important to consider potential nmagnetic effects caused by assembling the
magnetic nanopartickeon the bending modulus of themposite, for example due to particle

jamming. Mechanical deformation tests on chained MPNCs have shown that chaining
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increases the modulus along the direction ofiagnetic nanoparticlehains? 43 Therefore,

the modulus for bending the paralleir@ris expected to be higher than for the perpendicular
arms, if themagnetic nanopartickewould have a structural effect. Consequently, the magnetic
rather than structural anisotropy of the MPNC is the dominant effect in these experiments.

To better undestand the actuation mechanism, the bending angle of the parallel arms
aligned with the field of an electromagnet (orientation LR in Figure 2a) was measured as a
function of the horizontal magnetic field strengt, As H increases, the arms lift higher
toward horizontal, decreasing the bending angle,A simple model (see Supporting
Information for details) was constructed for interpreting this experiment. The equilibrium
positions of the arm and of the magnetic moments within the arm are obtained by balancing
the mechanical torques on the arm and rti@gnetic torques on theagnetic nanoparticle
moments. Linear, continuous chains of touching sphenadnetic nanoparticse with
negligible interchain interactions are used to model the MPNC. Two magnetic forces generate
torques on the moments: dipolataractions betweemagnetic nanoparticke which favor
alignment with the chain direction, and the Zeeman energy, which favors alignment with the
direction of the applied field. The model of the torques on the moments mimics the- Stoner
Wohlfarth model forthe magnetization of singléomain, singlecrystal magnetic particles,
where the Zeeman energy is balanced by crystal anisotitipyTwo forces generate
mechanical torques on the arm: gravity and dipolar interactions betwegmetic
nanoparticle, whidh favors alignment of the arm with the moments in the chains, thereby
generating more favorable hetddtail interactions and fewer sid®-side interactions.
Dipolar interactions betweanagnetic nanopartictetherefore affect equilibrium of both the

moments and the arm. The process of lifting the arm up toward the field direction can be

51



understood as follows: The applied magnetic field rotates the moments slightly out of the chain
directi on ( atUandtiwad the appliedéfietdgireeti@ausing less favorable
dipolar interactions among the moments. Lifting the arm toward the field direction gives more
favorable dipolar interactions while also allowing the moments to point toward the field
direction and reducingl.

In the experimental sargy the chains are multiplenagnetic nanoparticte wide
(Figure 1b), as also noted elsewhé&fe3? which has not been accounted for in this model of
chains of a singlenagnetic nanoparticlen width. A disorder parameteg)(is introduced to
account fo structural and accompanying magnetic disorder within the chains. In disordered
chains, saturation of the moments along the chain axis causelgyssdie interactions along
with favorable heado-tail interactions. We compensate for the slgeside intgactions by
multiplying the moment of thenagnetic nanoparticlbyg whegp@ D. OThg=l | i mit
corresponds to the perfect chains described by the model without correctigy anagrould

describe an isotropic arrangement of moments without a agadgiifection. The value gfhas
been approximated as the remanent magnetization divided by the saturation magnetization
(Mr/Ms) for measurements parallel to the chain direction. This is a reasonable approximation

[°1 because a perfect chain would theimadly haveMg = Ms.

According to the model, at equilibrium,H:O.598,Ci kOe, where

sin(g- 3
sin 2a = 0.742 cos. When this expression f@rvs. H is plotted along with the experimental

data,g= 0.445 from magnetometry gives an excellentRigggre 3), which is remarkable for
a simple model with a single, experimentally determined parameter. The maximum Jalue of

is less than 0.4° (Supporting Information, Figure S2), which suggests the soreemdin
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nearly aligned with the chain direction. Several simplifying assumptions, described in the
Supporting Information, have been made about the magnetic properties olatmetic
nanoparticle. It should further be noted that the mechanical propeofiehe polymer have

been neglected in this model; the mechanical response of the MPNC is determined solely by
the magnetic behavior of the chains rather than the mechanical properties of the polymer. The
good agreement between the model and the expdealhgystem, however, indicates that the
properties of such anisotropically responsive materials can be predicted and controlled by
corresponding adjustments in the magnetic characteristics ofiafgeetic nanopartickeand

their arrangement within the poher.

In conclusion, we have demonstrated and modeled the anisotropic response of a chained
MPNC via selective bending and actuation of the arms of the elastomer film. The interaction
of the magnetic anisotropy of the chains with the direction of the expfikld allows for
controlled, directional actuation of these macroscale samples in 3D. Flexible thin films with
magnetically driven, directional mechanical responses are an example of a new class of
materials that can be employed for remote directioralipulation of soft actuators, valves,

motors, and other soft robotics applications.
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Figure 1.(a) schematic for the process of preparing a chained magnetic particle nanocomposite
(MPNC) cross sample, (b) left to right: TEM image of magnetic nanopartiohagngtic
nanoparticle), optical micrograph of chained MPNC, photograph of cross sample(cand
magnetometry of a chained MPNC at 300 K measured parallel and perpendicular to the chains.
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Figure 2. Photos showing anisotropic actuation under (a) uniform magnetic field for the cross
mounted by its center, where the chains for the flattened wads be aligned (left) parallel

(LR) to the field and (right) perpendicular (FB) to the field, and (b) field gradients from a
permanent magnet that selectively lifts parallel but not perpendicular arms as the sample is
rotated. (c) schematic showing rélat orientation ofmagnetic nanoparticlelipoles with

respect to the chain direction in presence and absence of field lines generated by permanent
magnet, which causes selective lifting in (b). See Supporting Information, VideBdd81l

movies of these fing processes.
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Figure 3. Plot of the bending angle, as a function of the applied uniform magnetic field for
experimental data and the model
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Experimental Details(Supporting Info)

Magnetite (FeO4) magnetic nanoparticéefunctionalized with oleic acid of an average
size of 29 nm were synthesized according to an established méth@bmplete details for
the synthesis and purification are provided in the Supmprinformation. Magnetometry

measurements were performed at 300 K using a Quantum Design MPMS 3 SQUID VSM.

Alignment and Bending Studies:
To study the response in uniform magnetic fields, a esbaped sample with average

arm length of 20 mm, width of 4 mm, and thickness of 121 um was mounted by its center on
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a stage. The entire assembly was placed between the poles of a GMWEIé2tronagnet

with a pole cap separation of 60 mm. The position of a parallel arm at different applied fields
was monitored to give the dependence of the bending apgbs the applied magnetic field
strength,H. gwas measured at the middle of the arm. Infa@toexperiment, the sample was
rotated at a rate of 3.66 rpm under a static applied field of 7.2 kOe. For studying actuation in a
magnetic field gradient, the sample was pinned flat on a rotating stage (1.2 rpm), and a FeNdB
permanent magnet was positioradzbve the edge of the sample. The bending behavior of each
arm was observed as it passed under the magnet.

Modelling Actuation Behavior in Uniform Magnetic Fields:

Magnetic nanopartickeare treated as singtlomain, spherical nanoparticles assembled
into parallel, nofinteracting chains of oneanoparticlenvidth. Magnetocrystalline anisotropy
and thermal energy are neglected, giving themgnetic nanopartickezero coercivity and
eliminating the effect of superparamagnetism randomizing rf@gnetic nanoparticle
magnetization directions. The magnetization behavionagnetic nanopartickedescribed in
this model is a step function, matching a Langevin function describing a superparamagnet at O
K temperature. In this model and the associated expesmelipolar interactions among
magnetic nanoparticke alignment of the magnetic moments within the magnetic field, and

gravity determine the behavior.

When the sample arm (and hence the chains) is at a given bendingdangth,
respect to the horizontaxternal field,H, the individualmagnetic nanoparticldipoles are

rotated by a moment angle, wherg < d, as depicted below:
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magnetic field direction (H)

The magnetic dipolar interaction ener@y,, between two neighborinmagnetic

nanoparticle is given bys?

E, = f;ang? gnm -3 m 8w o

wherem, andn, are the moments of theagnetic nanoparticée whose unit vectors denote
their orientations, andis the centeto-center interparticle separation, for which the unit vector
denotes the axis of their separation. For a chain of idemtiaghetic nanopartictée depicted

above,

m =m, =m. and m- &= cosa gives

e o
E, :r_;z:jns @_-300%&)

Therefore the net energy for the interaction of @aagnetic nanoparticleith its two nearest

neighbors is Bi2. For infinitely long chains (i.e., more neighbors at distancesl,03d, 4d,..):
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a1
E. =2RE,, whereR=g p 4.20.
1

The total magnetic dipolar interaction energy,for N magnetic nanopartickewithin parallel,

noninteracting chains is thus given by:

dE _1.8mNant
T = =T 2a
m da p 9d3 i )

This is physically equivalent to generating an opposite torque by the moments on the chains,

T = 18,;73N ant %m?a)

Tc acts to rotate the chains and hence the sample arm toward horizontal (counterclockwise).

The gravitational torque (clockwise) acting on sample lehgiind massvis given by:

T = g\;VLsin(QO q).

9

Ty opposesl to rotate the sample arm (and the obaidownward (clockwise). Mechanical

equilibrium gives a relationship betwegand U
T,+T, 0

_%sin(QO_q) 18//)73Nam %IHZH) 0

_ gwlpd®
29 =247~
3.6mNnt

sin C0oSq
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The Zeeman energy fod magnetic nanoparticéein the configuration shown above is given

by:
E,= NmmHcos(g -3.

The magnetic torqueT() acting on the moments due to the external magnetic f&lds

obtained as the derivative of the Zeeman energy:

T, = % Nmz Hsin(g 3.

Tw acts to rotate the moments (counterclockwise) toward the field direction, and the torque on
the moments caused by chaininf,) works to align them (clockwise) with chain axis. For

equilibrium of the magnetic moments,

T,+T, H

NmnHsin(g- 3 18/’373'\'252—"2 gsmz)a €

_1.8n sinz
pd®sin( ¢ a

In experiments, the chains are multipfeagnetic nanoparticte wide, giving a
significant number of sidéy-side interactions along with he#attail interactions. The effect
of sideby-side interactions is to make the total dipolar interaction endtgynore positive
(less favorable). Decreasing the effective maimef the magnetic nanopartickewould give a

similar effect. We have thus defined an effective moment,

=gm = MV’
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where the disorder parameters 1. Mg is the saturation magnetization awids themagnetic
nanoparticlevolume, V = pgd®6. Therefore NV is the total volume ofmagnetic nanoparticle
core material, which is equal to the weight fractioMaignetic nanoparticke () multiplied by

the weight of samplen) and divided by the density X of FeO.:

NV = fw/ r

rNV

wW=——
f

The equations describing magnetic and mechanical equilibrium for disordered chains can

thus be rewritten,

' : rb
H=0.39Mq _sinza_ , wheresin2a = - cosq

sin(g- 3 0.6mf oM >

Since the effects of coercivity and thermal energy are neglected, there is no dependence
on the Magnetic nanoparticlesize. From magnetometry measurements of the parallel
configuration at 300 K (Figure 1c), the saturation moment is 2.956xet, and th
remanent moment is 1.315 x36mu. The disorder parameter is thus calculateg=a$.315
x 103/ 2.956 x 16 = 0.445. Inserting the following values for physical constants and fixed
experimental parameterg=9.8 m ¥, r = 5240 kg ¥, L = 0.02 m,f = 0.0402 Ms (at 20 °C)
= 480,000 A mt,
Ho=4px10" kgms’A? and 1 Oe 'gives:000/ 4" A m

H=0.598— X _KkOe,wheresin2a = 0.742cos;
sin(g- 2
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Photos and Schematics Depicting Inward Bending of Parallel Arms Alternating with
L ifting:

initial posmon > 1/4 rotation 1/2 rotation

(%

e

magnetic field dlrect|0n

Figure 4-3. Alternating lifting and bending of parallel arms of the rotating cross in uniform
3.1 kOe field with schematic overlays of the magnetization of chains within the composite.
Twisting at ¥ rotation causes inward bending at % total rotation

Modelling Deperdence of the Mechanical Bending on the Orientation of the Magnetic
Moments:
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Figure 4-4. Plot of the calculated dependence of the bending apgle,the moment angle,
U, measured with respect to the chdirection for the disordered chains
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5. Plasmonic nanoparticles for fhotothermal heatingof shape
memory polymers

Surface Plasmon Resonancand Photothermal Heating

The first metallic gold colloidsr figold sobas he called jiwere discoveredy Faraday and
gave rise tdhe field now we know as nanoscienten Far adaydés own words
is well obtainedby pouring a weak solution of gold over the phosphorus which has been

employed to produce films and allowing it to stand for twdoty or fortyeight hoursst’’

Figure 5-1. Gold NPs by Michael Faraday. Sour¢&aul Wilkinson:
www.rigb.org

Interestingly, theparticleshe preparedre still stable after over 150 ysasince their making.

But it was not until1908 that Mie came up with the theory to describe the absorption and
scattering (extinction) by metal particl€8Bui | di ng on Mi eds,calbdeor vy,
surface plasmon resonance, isvneell undersbod forparticles of different shapes, sizes and

composition.
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Figure 5-2. Surface plasmon resonanct

Light, as an electromagnetic wavkas orthogonal electrical and magnetields.
Optical properties of any material @he result of interaction of these wave components with
the material atoms, or specifically electroltallic bonds are understood as metals ions in a
sea of delocalized electrons where their mutual, collecteetrestatic attraction gives the
strong metallic bondingyhile still allowing the electronsto move around, leading to high
electronicand thermal conductivities. Theharacteristic coloof the metal depends on the
interaction oftheselarge numbes of free electronawith light. On the nanoscaléowever,
properties of metalare remarkably different. A typical nanopartidileanoparticl¢ hasvery
small number of atomgof the order 16100), such that the ratio of surface to bulk atoms
increaseslramatcally. For a particlsmallerthanwavelengthof the light the individual phase
of the light wavecan interact with the surfaedectronsof the metalnanoparticleatoms. As
the wave passes throyghcreates alternatingttraction ad repulsion for the electrongading
to periodicoscillationsof the electroncloud. Thisleads to increased absorbance at and near
that specific wavelength and ¢alled surface plasmon resonarf&PR)'"® Typically SPR
wavelengths of noble metal partsllie withn the visible light range (46800 nm). The effect

is that thesenanoparticle appear of a different color than the bulk matefsalld appears red,
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silver appears gredorown and so onMoreover, by changing the size and shape of these
nanopaticles, the color can be tune&everal factorgontribute to absorbance spectrum of a
nanoparticleand hencehe SPRvavelength(s)of the particulananoparticle®

Size Typically, for a spherical particle, within a certain range of sizes, as the
nanoparticlediameter increases, the SPR wavelength that interacts with the particle also
increases, leading to a red shifiwards higher wavelengthThe plasmonic bandwidth,
characterized by FWHM, alsimcreases, but only fonanoparticlelarger thana threshold

Size180

wavelength 2./ nm
350 400 450 500 550 600 650 700 750 800

- rTTTTTT v o a ™ T Y T v v
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absorbance

02

Figure 5-3. Variation of SPR with NP siZ&

Aspect ratio: For anisotropic particles, therés absorptionassociated with each
dimension A typical SPR for a gold nanorods (GNR) is shown in figbté. Since, GNRs
have two significantly differentlimensions the SPR that interacts with each one of them
occurs at different wavelengths. As seen in the figude the pealclose to800 nm is fo the
longerdimensioncalledthe longitudinal SPR (LSPR), and the one at 530 nm i¢rthesverse

SPR (TSPR).
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Figure 5-4. Typical absorbance spectrum of GNRs (red: after second growth, black: after
first growth)

The LSPR shows remarkable dependence on the aspect ratio of the GNRs. Several
studies have been devoted to deteentins relationship. Inone particular studyit was
estimated to be:

SPR= (33.34R - 463l g +472.31nr,

whereen is the dielectric constant of the mediuRjs the aspect ratio of the GNR. However,
these equations are not universally applicable and are only accurate within a certain range of
nanoparticle sizeJypically, the LSPR red shifts to highevavelengths, wh increasing aspect
ratioand vice versa. There have been reports ofstefl in the TSPR as well, but it is small

compared to the LSPR!
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Figure 5-5. Variation of SPR with aspect ratio (R)

Composition Since the dielectric constant of the material is the underlying property
for SPR, for two different materials with same spheri@aloparticlediameter, the SPR will
be different.As shown in figures-6, for different weight fraction of gold in a gekllver alloy

particle, the SPR shifts to lower wavelengthshasgold content increases.

wavelength 2/ nm
350 400 450 500 550 600 650

absorbance

Figure 5-6. Variation of SPR with change in the relative ratio
Au to Ag in an alloy NP
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Medium: Increasing gleads to an increase in the plasmon band bandwiaia red
shift of the plasmon band maximumut this dependence of the SPR on dffiective medium
dielectric constant is complicated by the fact thiatan itself change with the size of the
particles!®!

Assembly When two or more nanoparticle come close enoughwithin few
nanoparticlediameterlengtt), their SPR starts to interact becausé the near field effects.
This gives rise to a reghift in SPR of the sample which directbprrelateswith the
nanoparticlespacing. In fact, this concept has been used for several applications. Byedgcura
measuring the shift in SPR,plasmonruler can be used to measure the distance between the
nanoparticle, 1418202135 well ago enhance the signals frdBERS®? For anisotropic particles
like GNRs, plasmon coupling can also differ based on the relative orientations of the

nanoparticle.
Photothermal heating

Due to the high absorption #te SPR in the visible light rangeGNRs can harvest
energy fromanoptical source and convert it into other energy forms, mostly heat. This heat
generated is transferred then to the surroundingdium via photothermal heating.
Femtosecond laser pulses have been usedvestigatethe mechanism of photothermal
heating especially for golshanoparticle 18318 The absorption of the laser pulses increases the
energy of the electrons to laroad norFermi level in the conduction band. This ron
thermalized distributionTD) leads to formation of hot electrons, which then redistribute their
energy via electrorelectron couplingto an internally thermalized distributio(TD).
Furthermore, the electrons thiiermalize(thermally equilibriate) with the lattice via electron

phonon interactions, leading to lattice heatifhpis last stepbeing the slowest, occurs over a
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time scale of few picoseconédfS.As the energy is further propagated via phondngads to
heating of the surrounding matrix of tgeld nanoparticled=igure 57 shows the relative time
scales of the process€s.

100 fs 1 ps 100ps 10ps 1ns
— T

-——————————fi

e'*"}CTTD“ laser irradiation and energy absorption by
heating the electrons

- i

electron-phonon lattice heating and increase
coupling in particle temperature

- fi=

phonon-phonon heat loss from particle to its
coupling surroundings

Figure 5-7. Mechanism of photothermal heating and their relative tirale¥$*

Several attempts have been made to calculatphbethermalefficiency of GNRs.
Infrared cameras have been used to monitor the temperature changes local to the GNR surface,
when embedded in polymef®. Another method involved embeddimgpld nanoparticlesn
ice, and monitoring the melting by recording the Raman signals overfffini@ne other
technique isisingfluorescence polarization anisotroffyPA) wherefluorescein is a xanthene
type chromophore characterized by a high photostabitity & fluorescence quantusield
close to 100%, which enables mapping the local temperaturenaiegparticle with 300 nm
spatial resolution and a typical accuracy of 0.1'%COne of the easier methods uses
calorimetry: gold nanoparticlesre dispersechi water, and the temp carefully monitored to

calculate thephotothermalefficiency?8®
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As with SPR, photothermal heating depends orseveralfactors SPR wavelength,
nan@articlevolume, shell coating, and assembly statgger particles with essentialbame
shape are less efficient since they do not scatter as well. Usehefracally different shell,
can actually increase thghotothermal efficiencyoy absorbing more light, and changing the

dielectric constant of the mediuf.

It is also interesing to note that since thgold nanoparticlesre usually stabilized by
organic ligandsdue to generation of high temperatures strip/destroy theleeeasligands, and
the gold atans start to redisperse the mediumleading to reshaping of ttgold nangarticle
Since for GNRs heating efficieny is much higher at the ends, they dissolve/melt faster
leading to more isotropic shapes. It has been shown that the surfaceoosnglifly a crucial
role in GNR reshaping, and changes witie mode of heatingconventional (inwards) or
photothermal (outwards heat diffusiod®). While reshaping is an inéable effect of
photothermal heatingts rate dependsn the energy being applied, for exampldse energy

and widthif a laser used®
Applications

Photohermal heatindhas several agintagesover convetional heating: 1. It is nen
contactmode of heating sas long as th@anoparticleheat source receives the light pulse, it
will generate hea®. The heat can be precisely controlled with the intenaitgl time of light
pulse. 3Since photothermal heating generates alarge anadlmtalized heat, itis very useful
in site-specific heatingapplications This has been showdxy Maity et al, where they used
gold nanoparticlesas heating sources amdcorporatedthem in nanofibers prepared via

electrospinning®® Furthermore ifanisotropicnanoparticle like GNRs are used, it provide
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another parameter tontrol the selectivity ophotothermal heatingUsing a lightsourceat

the particular wavelengthLEPR), inconjunction with a polarizer; foa samplecontaining
aligned GNRs causgshotothermal heatingnly whenalignmentis parallel 6 the polarization
direction leavingother regions waffected'®® Alignment of GNRs in bulk films is even easier,
where shear stresses can be used. By simply stretching a thermoplastic film containing
randomly oriented GNRs to an appropriate strain levels, GNRs can be alngtied strain
direction'® Since the heat is generated inside auklif the surface is relatively free of these
nanoparticleheaters, itallows an otherwisethermallydegradald material to hold its shape

urtil the function is performet?® Photothermal heating usingpld nanoparticlegan cause
melting/decomposition of pgmer in close proximity to the gold, enabling focused and

selective melting using a las&¥.

Several drug release systems inside the human body perform based on temperature, and
therefore areniche applicatiorareasfor photothermal heatingUsing GNRs &r triggered
release of drug molecules, whilsas been shown twe reproducedver several cycle¥® Also
since the size restrictiome@much smaller, a regular drug sized formulation is a feasible design.
Combining the photothermal heatinglrug release ith nanofiber mats fomcreased surface

area, makea systemsuitablefor biomedical patcttype drug release applicatis 1%
Shape memorypolymers

Shape memory mateils, as the name suggestwe those that areable to return to a
preprogrammed shape, after a specific stimulus. While shape memory occurs in several
different classes of materials, their underlying principles could be entirely different. For this
work, we would restrict to shape memory polymE$/iPs), particularly thermalbactivated

SMPs. In the simplest terms, a typical two stage thermatifivated SMP has two different
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morphological components: soft part and hard part. These compar@mitl be two entirely
different polymers, two phases oétsame polymenifferent crystalline structuremorphous

or crystdline phasesor even different sections of the polymer cha@®#en, these structural
componentsare large enough to be observed in the petymmicrostructure. The hard
componentservesas the backbone of the SMP, typically with better mechanical properties
(higher modulus higher yield strengtf), and remainsunaffected over a widerngerature
range. The soft componeiipwever, undergoes dramatic changes imtbehanicaproperties

over a smalérrange of temperature. This temperature could be the melting point of the soft
phase, or the glass hsition temperature of the SMP. Once heated beyond this transition
temperature, the more fluid soft component allow the material to be tenypaoeshaped,
while the unaffected hard segments prevent it from flowdntypical cycle d such a SMP is

shown in figure 88.

Temperature
constralned constralnt
deformatlon . removed

Switching
temperature

constraint
—
; . removed .
permanent

(melt or solution temporary temporary
processed)

Figure 5-8. Typical steps irsingle stage away shape memorgffect(SME)
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The permanent shape is prepared by conventional polymer processing methods: solvent
casting, melt processing. Furthpermanentshape changes are possible if the deformation
and/or annealing is done close to the melting/decomposition temperature ofdhehhse.

Once the permanent shape is set, and the sample heated altoamesitien temperaturebut

well below decomposition temperatureany deformation will be accommodated by thet sof
phase. As sughthe hard phaseonforns but doesiot change its sictural characteristics.
Cooling the SMP well belowansition temperatureunder thisconstraineddeformation, then

0l ocks6 the softcreate g tampotary shape AtpHisdoweempetatare
(typically RT for most practical SMPsj)he tempaary shape will hold for a reasonably long

time, after the constraints are removed. To regain the permanent shape, the SMP then has to
be heated above theansition temperatureThe soft phase becomes fluid again, but without

any external stress are movbdck into original position by the hard segments. Whileithis

for the simplest of SMPs, two stage emay transition, by using the more than 2 structural

components, the SME can be achieved between different stages and/or in both directions.

Plasmonicnanoparticls, when incorporated in SMPsan cause transitions from glassy
to rubbery state, above and thereforgphotothermal heating has been successfully tmed
shape memory applicatio®¥,which allowsfor remote actuations of filni€® Some SMPsire
also thermally selhealing materials. Since the melting/glass transition dygh¢dothermal
heatingoccurs at numerous locations over the entire volume, the hewliedial can go back
to beforefracture condition that too withn few second$®® For a SMP-gold nanoparticle
sample deformed over a larger area, the size of the light prolghddothermal heating
dictates the recovery region. As sudhallowsfor controlled shapehange in a pattern and

order thatcan be controlled irsitu. Also lty controlling the percentagef @rea that is
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photothermal heatingndallowed to reover, it allows for virtully infinite configurations of
deformed SMB® As with melting, polariation control of the shape recovery is also possible
when GNRs are used.iffple stretching can be used tdbtain good alignment and by
introducing the polarizer along/cross with the GNRs alignment directiorphb®thermal
heatingcan be triggered® If the polymer is amenable to bo®ME and thermahealing,gold
nanoparticlexan be used to perform both or either of those functions with good control over

the location selectivity®

Another approach toebtainingphotothermal heatingelectivity is by using different sets
of plasmonicnanoparticle and their corrggonding light sources. While several of the methods
discussed above are good candidates for selephw®thermal heatindor SME, using
nanoparticle that responghotothermal heatingp different wavelengths of light has certain

advantages:

1. Thenanopaitle distribution can barbitrary;it could well definedn somesections of
the sampleor there could beseveral patches of differemnoparticls, which coud
produce interesting topological effects.

2. If the SPRs of theseanoparticls sufficiently separatedthe selectivity can be very
precise, unlike in case of polarization selectivity.

3. The recovering shape mayeorient in different directios but still can be

photothermdly heated

GNRs synthesis and processing

GNRs were sythesizedon a 1000 mL scale accorditggamethod developed by Kozek

et al?® A schematicof the process ishownbelow.Succinctly two different solutions are
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prepared: a seed solution and a growth solufldve €ed solution, which contains very small
gold nangarticles, is added to the growth solution, where they evolve into GNRs primarily

through preferential growtbausedy cetyltrimethyltmmonium bromide (CTAB)

Gold nanorod synthesis

seed first growth solution second growth solution
FTaE e CTAB. KBr continuous ascorbic l’k i’

’ r.! r’ ’ . e
NABHG AENOy; AgNO,, wh?lgit?:’r?r:tm?ves \/ \\\ l£
ascorbic acid £5 ascorbic acid, e \ ® "

complete reduction
e ) i .Am
'-l

K.A. Kozek, K.M. Kozek, W.-C. Wu, S.R. Mishra, J.B. Tracy, Chem. Mater. 10_"_"_“1’
2013, 25, 4537.

Figure 5-9. Schematic for large scale gold nanorod synthesis

Growth solution: For the growth solution, the following solutions were made by
dissolving the corresponding chemical in deionized water. Typically, for each of the solutions,
final solution volume wasmnairtainedbetween 120mL. The Table below shows the volumes
andmasse®f the chemicals used fpreparation of the growth solution for GNR synthesis on
1000 mL scale. For smaller volumes, the weight and volume of water was scaled by the

appropriate factoe.g. for 200 mL (divide all numbers by 5)
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Table 5-1. Concentrations of various solutions for GNR synthesis

Chemical MW (g/mol) Weight () Water (nL)
CTAB 364.45 34.309 450
Note: from Amresco
KB 119.002 1.12 10
(Potassium bromide)
AINQ 169.87 0.03255 10
(Silver nitrate)
HAUG 411.85 0.3789 18.95
(Hydro Chloroaurate
AA 176.12 0.18565 15
(ascorbicacid)

1000 mL GNR synthesis36.3 g of CTAB was dissolved in 45 of deionized water
in a 1000 mL solvent bottle. Complete dissolution was achieved by gently heating using a heat
gun and keeping the ergisolution bottle in water bath for at least 1 hrimlOof KBr solution
was added to the CTAB solution, followed by Al of AgNQs. Afterwards, 18.99nL of
HAuUCl, solution as added to a 50L deionized water in a separate container. The resulting
dilute gold precursor solution (gil) was slowly added to the growth solution, stirring it
carefully all the time. Then 1&L (2x7.5 mL) of ascorbic acid solution was added to the
growth solution quickly and bottle was gently stirred, until the growth solutiomedu
colorless. The bottle was then promptly transferred to water bath, to maintain at the synthesis
temperatureof 30°C.

Seed solutio: 0.364 g of CTAB was dissolved inrBL of deionized water. Complete
dissolution was ensured by keeping the solution in water bath main@iBedC for at least
30 minutes. The water bath als@vents the CTAB fromeaystallizingat room temperature.

0.106mL of the KBr solution (prepareehrlierfor the growth solution) was then added to the
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seed solution and further diluted by 0.884 of deionized watetHAuUCl, solution wadurther
dilutedto 20 times (0.5 in 9.B1L of deionized water), inL of this solution was then added to
the seedsolution. The seed solution was theansferred to water bath, to be maintairseB0
°C. NaBH4 solution wasfreshly prepared by the adding .ca.1g of N&8H, to appropriate
amount of deionized wat€0.038 g /mL). The solution wadurther diluted using ¢e cold
waterto 100 times. (ImL in 10 mL and repeatedp give a final concentration of 0.000376
g/mL. 0.6mL of this diluted NaBH was added to the seed solution, under vigorous stirring.
The solution turned dark brown immediately, indicating formatiosnadll goldnanoparticle
seeds. Stirring was stopped afeeminutes, andhe seed solution was allowed to stand Zor
more min Then, 1.275 mL of the seed solution was added to glewth solutionand gently
sh&ken to completely disperseithe gowth solutionwas then allowed to stand in water bath
for 60 minutes, over whictme GNRs start to form and grow indicated by a growide pink
color. Opticalabsorbanceneasurementdiaveconfirmedthat the growth essentially reaches a
plateau after 50 minutes, whenathout any further reduction, the GNRs are expected to stay
atconstant size

According to Kozeket al, at this stageghe GNRgrowth solution(calledthe primary
growth solution) are abou67 x 15 nm in size. Bualmost80% of Au ions are still present in
the solution.As such, to increase the efficiency of the process, it is requredther reduce
these ion®no the existing GNRs Therefore a second growth step has to be performed.

Ascorbic acid solution was prepared with a concentratiod.@¥2773g/mL. 35 mL
of this ascorbic acidolution wadoaded ina syringe pump. 3@L of the solution was then
injected into theFG slowly and continuous|yby using a syringe pump. The rate was adjusted

such that the injection took place over a time of 173 minitessynthesis on different volume
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scalethe volume and the rate of AA adibn was decreased by the same factor, such that the
total time of addition is still 173 minuteg.he growth solutionwas gently stirred during this
addition During this injection the growth solutiongraduallyturned dark red, ands Kozeket
al. deternmned, all of the Auionshave been reducedt this point The GNRs in this second
growth solution (SGSafter completing the reactidgpically measure80 x 22 nmand have
anLSPR near800nm.
The SGS canndie useddirectly for composite preparati@mnce

a. It is anaqueoussolution while many polymers are soluble in organic solvents

b. It containsa large amounbf excess<CTAB.

c. The concentration is too law

Therefore,further processings necessaryro remove the excess CTAB, tiS(ca

1030 mL) was divided into centrifuge tubes of 6L volume each.6 of these tubes were put
in a high speed centrifugepinning at 12000 rpm for I&inutes aB0°C sampletemperature
After the centrifugationGNRs weredeposited on theide wallsof the tube. The supernatant
was carefully decantedand the GNR concentrated solution was collected. The process was
repeatedvas eaclof the 6 tubes, and for the entire volume of SGS. The entnatedGNR
solution gypically 70-100mL) was then pooletbgether andcentrifugedfor a second time
with the same parameters. After decanting the supernatiaigih eoncentration GNR solution
was obtainedTypical concentrations achieved at this stage are betwekh rBg/mL of
processeSSNRs.

The thermoplastic plyurethane (TPU) shape memory polynsedfor the experimentss
soluble intetrahydrofuran (THF)To dispersésNRsin THF, another step for ligand exchange

was performedPEG is suitabldor stabilizng GNRs as it is solublén water and a number of
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other organic solventsincluding THE A small portion of the processed GNR solution was
then PEGylatedas follows:an excessof PEG2000 was addedo GNRs present in the
processedsolution. Themixture was then stirred for 24 hours. During this procéss PEG
slowly displaces CTAB as the capping agéingjand). After 24 lous, the solution was
centrifuged at 10000 rpm (g) for 5 minutes, #wexceswater was deanted. The sedimented
GNRs are colleatdin form of pelletnear the bottomThe GNRs are #n redisprsed in THF,

with same volume ofwater as before, and reentrifuged with same parameteraifter
decanting, the GNRs are redispersed in measured amount of THF, to get a desired

concatration (0.55 mgimL) of PEGylated GNR in THBolution (PEGGNR-THF solutior).

LED setup: For the photothermal experiments, an LED was used instead of the laser,
as is more common. While there are certain advantages/disadvantages for each one of them,
the main reason for using the LEB that thespot size is of the order of centimeterkhis
allows simultaneous photothermal heating and therefore actuation of larger, practically feasible
sampleswhich is the closer to the motivation of these studi@sthat end,a commercially
available infraredLED was appropriatk and assembled into a flashligf®sram Golden
Dragon SFH 4750, with peak at 860 nm, FWHM of 30 nm, and power of 3800 The
assembled LED was also fitted with potentiometer to adjust the output pokesmpower
spectrum of the LEDprovided by Osranis shown in figure5-10. To properly evaluate the
power characteristics of theED, additional experiments were performed to measure the

power spread of theED in 3 dimensions As expected,he axial power of theED decrease
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as the dstance inceases. Interestingly, the radial spread of the power is not perfectly

symmetric, as shown in figufg11.
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Figure 5-10. Relative spectral emission of the LEBource: Osram
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Figure 5-11. 3D map of the power output of the LEDD axial variationb. radial variation

An initial experiment for evaluating thehptothermal heating efficiency dhese
concentratedGNRs in water was carried ouwising the LED. Approximately, 5mL of
concentrated GNR solutiowas put inside glassvial and was constdst stirred, while the
LED was pointinghorizontally towards it. Thecorrespondingemperature rise was monitored
using a wire probe thermometeaigainst time As seen in figurés-12, the solution showed a

sharp increase in the temperature initially, which gradually plateaus over time. Timeumax
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temperaturereached waslose to48 °C. Opticalabsorbance measurements were performed on
the solution before and after the experiment. As the figut® shows,the GNRs showed

marked decrease in SPR intensity, imimal shift in the SPRafter the heating step.
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Figure 5-12. Photothermal heating of GNRs in wagefTemperature rise vs tinte
Absorbance spectra of the GNR before and after the heating experiment

Thermoplastic polyurethane Diaplex MM5520 was purchased as the shape memory
polymer. Theadvantage are twefold:
a. It has atransitiotemperatureat 55°C, whichis well above room temperature, to cause
any uncontrolledspontaneous or gradual shape change
b. It isasingle component polymehat dissolves readily in THFsothe PNC solution

can be prepared from sarselvent
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Diaplex has three components: methylene diphenyl diisocyanate (MDI) as the hard
segments; polyethylene adipate glycol as the soft eetgmand 1 3-butanediol as the chain

extender. Their chemical structures are shbeiowin figure 5-14.2%204

Irogran - elastomer Diaplex — shape memory polymer
T,~55°C

Hard segments 0O=C=N I I N=C=0

Methylene diphenyl diisocyanate (MDI)

o)
Soft segments HO‘{/\/\O}H H%ONOP/\)%ONOH
0
n

n

Poly-oxy-tetramethylene glycol Poly-ethylene-adipate glycol

OH
1,4- butane diol

Chain extender

Figure 5-13. Chemical composition of the thermoplastic polyurethanes?is&d

Compositefilms are preparedby dissolving Daplex in THFE Typically, 0.2 g of
Diaplexis dissolved in 3L of THF and stirred for 2dursto give a homogenousviscous
solution. For composite preparatior; & GNR-THF solution wagliluted withTHF to getthe
desiredfinal concentration(0.17 6 wt %). Diaplexis then addedwhile stirring to create
homogenousdispersedsNR-Diaplex solution. For ex: tprepae a 0.5wt. % sample 2 mL
of 5 mg/mL PEGGNR-THF solutionwas added t@ mL to THF. 0.2 g oDiaplexwas then

addedio createghe final solution.

84



While preparing samples for photothermal heating several factors have to be

considered:

a. Concentration of GNR4:ow concentrations of GNRs reduce the SPR intensity and
therefore photothermal heatingutput. Hgher concetrations of GNRs causes
agglomeration which shifts and broadens the SPR peak. Several concentrations
(0.1-:10 wt %) of GNR in Diaplex were prepared as films and testeat. our
experiments, 0.5 wt. % was found to give the best results.

b. Thicknes of the sample filmg~or outof-plane deformation, thickness controls the
volume of the stressed material. Also, incorporating GNRs reduces the
transparency of the films, affecting thlbotothermal heatingn the side away from
the LED. While a thicker ample is practical in handling and therefore preferable,

too thickof a sample will cause unequal heating, leadingiesired recovery

Once thesolutionwas ready, acompositefilm was prepared bpouringit in a PTFE
mold, and letting it sit in a fume hodd evaporate the THH he mold was covered with only
a few holes to suppress abybble trappinglue to lowboiling point of THF. Themold was
thenleft overnight, andhe film was easily removed from ibé¢ next day. To further remove
any trace THEFwhich might affectthe SM or the mechanicabehavior the samplewas
annealedafterwards The sample was wrappedAnhfoil to prevent any warping angiaintain
the flat shape andhen placedin anovenat 120 °C for 30 min. Annealing times can vary,
depending on tenggature and the sample voluni&r example, fia temperatureof 80 °Cis

used the annealingime canbeaslongasé6 hr.
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Polarization selective photothermal heating

A specialjig was designed tgreparethe aligned GNR samplwith two sets of
moveable Al gripsEach end of the sample was clamped on one odltiminum grips. The
initial sample length, measure as the separation between the grips, was kept as 20 mm for all
samples. Stretching the reple, especially to high strains, creates residual stresses in the
material which drastically affects its shape memory properties. To prevent this, stretching was
performed slowly and at higher temperature, which anneals the residual stresses. The entire
assembly (jig and the samples) was placed insidewtka atl20 °C and allowed to heat for
10 minutes. Afterwards, the jig separation was increased by 10 mm every 2 minutes resulting
in a strain rate of 5 mm/min. Typically, strains were between48® with final sample
length as 8aL00 mm. After the desired strain was achieved, the sample was left for additional
2 min in the oven, and then kept at RT 3@ minutes. This resulted in a permanent stretched,
annealed samplevhich was used for photothermakating experimentsThe shear forces
produced during this stretching have been shown to align the GNRs incorporated within the
polymer matrixalong the stretching directioti the incident light (athe LSPR wavelength)
is polarized, it will interact wh the GNR length (or diameter) according to its component in
that direction. This gives maximum absorbance when the polarized light is parallel to
alignment direction, and conversely is minimum when it is perpendicular (ideally 0). This is
the basis for parizationselective photothermal heating. Our goal was to use this for selective
shape recovery in SMPNCs.

For these studiesthe permanent shapas(preparedr stretched) was rolled into the
temporary cylindricalshapeusing aluminum foilas a constraintt wasleft in ovenat & °C

for 4 min and then at RT for 6 mito fix the temporaryshapelf the sample is now heated by
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conventionalheating(water bath or overip thetemperatures5 °C or higher, itrevertedo its
original film shape.The sample was rolled in two different directions, lengthwise and
breadthwise. Following the concapentioned abovef the incident light is polarized parallel
to one of the rolling directian(and therefore perpendicular to the other), that paer
cylindershouldheat up and reverts back to a flat film. Moreover, if these cylinders were nested
inside each other (like Russian dolls), the inner one could not be opened unless the outer one
opens first, dictating a correct combination of polarizatn di r ecti on t o be us
system.

A polarizer selected was tained fom Thorlabs with an ekiction ratio of 1000:1 in
600-950 nm The plarizerwas positioned just below th&=D, and the samplstagewas at a
fixed distanceFor initial experiments, eachrolled cylinder was placed on the stage in the same
direction, while the polarizer was rotated by 90Re observations are shown in figurels
While at this point the results have not been reproduditikeissue may be resolvedtime

future by inserting filters to better ensure selective heating can be conducted
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Figure 5-14. Selective heating using polarized light of a stretch annealed GNR/Diaplex
sample a. parallel case: heating causes shape recovery b. perpendicular case: no heating
occurs

Wavelength-selectivephotothermal heating

Another approach to selective heating is using particles with different SPR
wavelengthsThe SPR results in remarkably high absorbameerspecific wavelength ranges,
and since these ranges depend on the size and shape of the particle, it is possiiileyto e
them for selective high absorption leading to selective heakog. our experimenfswe
selected GNRs with SPR peak around 800 nmgahd nansphees (GNSs)with SPR peak

around 525 nm, as the two heatimgnoparticle.
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Figure 5-15. Normalized absorbances SPR for GNRs and GNSs

Gold nanoparticle synthesis:15 nmgold nanoparticlesvere synthesized according
to method by Osterloh and coworké?s50 mg of the gold precursor was added to a mixture
of 0.6 mL of toluene and 0.5 mL of oleylamine, to prepare the gold precursor solution.
Separately, 24 mL dbluene and 1.6 mL afleylamine were mixed and heated to FTMat
room temperature. Once baifj staréd evident by vapors of toluene condensing in the
container, the gold precursor solution was quickly injeciég. solutionchangs form bright
orange to colorless within few secondibe soltion was held at this temperature fohdurs,
after which it appears dark wine red, indicating formatiorg@fl nanoparticle. An excess
(about 1.5X) of methanol was added to an aliquot of the solution and centrifuged at 4500 rpm
for 120 s.The sedimentedanoparticle were redissolved in THF forttwe useTEM samples

were prepared from these solutipasd the average size was found to be 15 nm.
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The SMRPNC filmwaspreparedby solvent castingimilar to beforeSeveral different
concentrations afold nanoparticlesvere tested for heating. Diagd was dissolved into THF
first, and then the correct amount gidld nanoparticle3HF solution was added to it. The
mixture was vortexed for homogenous distribution and then immediately cast into the PTFE
mold. Covering the mold prevents formation of blaisbin the film but takes much longer to
dry. This increases the possibility of aggregation, and associated SPR shift and broadening. To
achieve a balance between the two, the mold was left uncovered in the fume hood, but a smaller
amount of THF was usedifthe sample preparation (total solvent volume 3.5 @ice dried,
the sample was annealed as before (30 min at 120°C)

For photothermal heatingvith GNSs, a greehED was provided by Prof. Michael
Dickeybds | ab, wi t h hi gh -p306 mmreFRor thesetexperiments,n t he
identical piecesf GNR-TPU and GNSTPU were cut from the films with dimensions: 10 mm
x 5 mm. These pieces were folded in half at RT, @indhed to create a stressed crease. This
is the temporary shape.

To test forwavelength selectivity iphotothermalheating 20 x 10 mm samples were
prepared from th&Ns composite films and folded at RT into a temporary zigzag shape. The
sample was #n positioned on a stage. Fitis¢ 8% nm LED was positioned at a distance of
30 mm above the stage. After exposure time of 4 minutes, negligible change in shape is
observed, indicating nbeating. But when a 530 nhiD is usedinstead, the sample unfolds
within few seconds. This selectivity was verified with different concentrations: Oamdl3

wt. % of GNSs
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Figure 5-16. Wavelength selective photothermal heating
GNS/Diaplex. Samples do not heat under 860 nm (center column]
but heat and recover shape under 530 nm light (right column)

To further test.ED and nanoparticleselectivity, the two samples were posited on
the stage next to each other. First the 860L&MD was positioned above the stage at dista

of 60mm. As shown in figure-8.7, only the GNR sample unfolds and flattens down, indicating
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Figure 5-17. Wavelength selective photothermal heating GNS/Diap
Samples do not heat under 860 nm light (center column) but heat
recover shape under 530 nm light (right column).

selective heatingWWhen the same experimeraserepeated with 30 nmLED at a distance of

30 mm (relative distances for the two LEDs to achieve same power at sample tisegNS

sample heats faster and unfolds. It is important to note that 530 nm still absorbed by the GNR
sample where TSPR is within thainge whth leads to some heating. However, by controlling

that relative concentrations of GNRs and GNSs, itis possible to cause higher and faster heating
in GNS, whereas the GNRs unfolding occurs over an order large time scale or to alesser extent.
It should al® be noted that as the samples unfoldy tmeve further away from the_ ED,

which leads to decreased heating. Therefore, in their initial position both samples receive the
maximum power, whiclkeonfirms the selectivitylf the experiments were to Iperformed in

the opposite direction, flat to foldethenThe intial selective power would be small, aady

further selectivity would be aided by the sample moving towards higher power zone and

therefore subjected to more heating.
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The following set of eperiments were performed to show the exclusivity for both sets

of plasmonic nanoparticles: i.e. shape recovery occurs only when the 860 nm light is shining

on the GNRDiaplex sample and 530 nm light is shining on the &)i&plex sample, and not

absorbance (arb. units)

——Spheres: 0.5 wt. %
—Rods: 0.5 wt. %

—T " J y v J ¥ v — T 1
400 450 500 550 600 650 700 750 800 850 900 950 1000

nm

Figure 5-18. Absoption spectra of Diaple6NR and Diaplex

GNS samples with 0.5 wt. % concentration

the other vay around. Samples were prepared according to the method presentegvadrlier

each sample containing 0.5 wt. % of plasmonic NPs in Diaplex. Figuk® ghows the

absorbance spectratbkse samples.

Each sample was folded into a temporary shape (according to method mentioned

previously) and placed onsangle long stage, as shown igure 519. Each sample has one

of the two LEDs pointing downwards from top at a fixed distance. In first case (left panel in

figure 519), when the correct combination of light and particles (&Gi&plex with 860 nm;

and GNSDiaplex with 530 nm light) isised, for both the samples, the folded sample heats up

and recovers its permanent flat shape. While the GNiplex sample responded and

recovered in few seconds, the GIR&plex sample required 2 minutes to become flat. In the

93



wavelength (nm)

860 nm 530 nm 860 nm 530 nm

Figure 5-19. Shape recovery farorrect combination of light (860 nm: GNRs and 530 nrr
GNSs) and no recovery for the other case

second case (right panelhet folded structures were exposed to the incorrect light2for
minutes. As is evident fromdure 519, very little shape recovery and consequently little
heating occur3o further improve the response time for recovery, particularly for -GNS
Diaplex samples, another sample with a higher GNS loading (3 wt. %) was prepared. The

absorbance is shown in figure2B.

—>Spheres: 3.0 wt. %
——Rods: 0.5 wt. %

absorbance (arb. units)

400 I 4:%0 I 560 ’ Séﬁ ‘ 660 I séo I ?60 I ?éD I 860 r Béﬂ ‘ QfIJD I géo Imlﬁﬂ

wavelength (nm)
Figure 5-20. Absorption spectra of 0.5 wt. % Diapt&SNR and 3 wt. % DiapletcNS
samples
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The next set of experiments were designed to show seleciivishape memory
response when both sets of samples were preSaiR-Diaplex and GNSDiaplex samples
were folded into temporary shapes and placed centirgether on a stage. LEDs were
mounted vertically on top of the stage, pointing down on the samples (Figtg Fhe
distance of the 530 nm and 860 nm LEDs were 41 mm and 45 mm respectively from the stage.

As shown in figure 81, only the GNSiaplex sample heats and recovers back to the flat

Green/ 530 nm

NIR/ 860 nm

Figure 5-21. Selective heating and shape recovery

shape, when the 530 nm LED is used, while the GNR sample remains unchanged. The reverse
happens when 860 nm LED is use¢lde GNR sample recovers t@flat shape while GNS
sample remains folded. In each caseecovey occurs in few secondsthis experiment

successfully showed the proof of concept for wavelength selective photothermal.heating
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Additional experiments

Effect of various factors on the shape, size and LSPR of GNRS:

1. Seed making process: Dilution of NaBkb prepare the seed solution is the critical
step.On addition to the seed solutiddaBH, turns it into a dark brown color. Subtle
differences in the preparation method or the waiting time before addition, causes
changes in the seed. This is observettiénseed spectra as well, as shown in fidgire
19. If the diluted solution is allowed to sit for 10 minutes, before adding to the seed

solution the LSPR for the first growth is at a lower wavelength.

400 500 600 700 800 900 1000
nm

0.0 L

Figure 5-22. Absorbance analysis different seeds synthesized for GNRs

2. Volume of the seed added: The seed controls the initial numbgoldhanoparticle

that eventually grow into the GNRs when added to the growth solution. As such, by
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changing the volume of seed solution (and therefore the number of seeds), the number
of GNRs grown can be controlled. Since the amount of precursor is fixed for the growth
solution, the GNRs can be bigger/smaller depending whether the seed solution was
less/more than the standard procedkigure 521 shows the effect on the GNR shape

and the LSPR on addition of 0.17x of the standard seed volume. As expected, fewer
seeds grw into larger GNRs with smaller aspect ratio, with a corresponding decrease

in LSPR.

Figure 5-19. Effect of differentvolumesof seed addition on the SPR of the GNRs first
growth
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