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1 INTRODUCTION

1.1 Nanotechnology

Working within thenano scale(1-100nm) give rises to newphysical, chemical, and biological
properties of the materials, which are different from botthe ones ofbulk materials andof
individual constituents (atoms or moleculd®ustis and Ebayed 2006h)

Chemical and physical properties of matter are, to a large extent, determined by the type of motion
the electrons can perform. The kind of the material and the space accessible &bettteons (i.e.
degree of confinement) are the factors which determine the elegic motion.In the nanometres
scale the spatial effectbecomes crucial andfor this reason nanomaterialsshow peculiar
properties. Since these properties are given byniegons to the electron motiornthey also strongly
depend on the shape of the materials as well as dimensioncéiethical compositiorfX. Huang,
Neretina, and ESayed 2009)

Hence a great feature of nanomaterials is the plogisy to varytheir properties without the need

to change thé& chemical compositiotbut only their shape orsize One examplas the colour of
noble metalnanopatrticles, which is found to lependenton the shape and size of the nanopatrticle
and dieletric constant of the surrounding mediuniVincenzo Amendola, Roberto Pilot, Marco
Frasconi and lati 2017)

Thanks to the small size of nanomaterials, they have a high surface to volume ratio, which is
particula interestingin some applications such as catalysis.

Considering théields of nanomaterial applicati@one of the most interestingnd studied is within
the framework of biological systemsExamples of this kind of applications the use of
nanostrudures as drug delivery agents, labelling agents and serlBostis and Ebayed 2006b)

However, the need for accurate designed structures has led to a huge research in their way of
synthesis. Thanks tthis effort in the development of new synthetic routes the availability of
nanoscale materials is huge, eir applications argossiblein many fields and armcreasing

1.2Gold nanoparticles

Gold nanoparticles (Au NPs) have been widely studied applied, they are attractive for
biomedical use in sensing, drug delivery, cancer therapy, cellular imaging but also they are particular
attractive in other research fields such as electronics, catalysis, chemical an@ysisenzo
Amendola, Roberto Pilot, Marco Frasconi and lati 2017)

In the nanotechnology scenarjéd\u NPsaised great interestiue mainlyto three reaso(Vincenzo
Amendola, Roberto Pilot, Marderasconi and lati 2017)

1) high chemical and physical stability which alkdwocompatibility,
2) easy surface functionalization with organic and biological molecules
3) numerousoptical properties related to surface plasmons

As an example dhe Au NPs stabtly, there still exists some very old specimeasg of the oldest
is represented by a goldlated Egyptian ivory dating back to th& &ntury BC. In this object Au
NPs accidentally formed a puepstaining by the diffusion ajold from a thin foil into he porous
ivory substratéVincenzo Amendola, Roberto Pilot, Marco Frasconi and lati 2017)



Thanks to thénighbiocompatibility, colloidal gold has been used for curative purposes since Middle
Ages moreover,it seems that the alchemistelixir of youth was a gold colloidal solutions called
“aur um pMoores Bnd Gaettmann 2006)

Manufactures have been attracted by bright red colour of Au NPs since ancient times, they started
to take advantage foAu NPs optical properties for glass and ceramics since ancient times. One of
the most fascinating example Au NPs can be found in Lycurgus cup (crafted by Romans in the 4th
century) . This cup has the unique properties of changing colour dependlthg direction of the
illumination.

Michael Faraday was the first scientist to relate the optical properties of Au NPs to their smaller size,
duringalectureat t he Royal | nstHExpeuniertal Refatiohsofoltd(andOteen t i t |
Metals)toL i g ht ” (Mbones dn@ Go2ttmann 2006)

Many different shapes of Au NPs have been synthesized, among them nanorods are particular
interested and have attractedreatattention due totheir interesting optical propertieghe large
number ofsynthetic methods available, the possibility to reach high monodispersity and finally the
rational control over the aspect ratio that allswo easily tune their optical properties.

1.3 Surface plasmon resonance in Au NPs

The mean free path for gold electrons is about 50nr(Eustis and Ebayed 2006b)n the case of
metal particles, surface effects become important argilve rise to particular propertiewhen the

size of the patrticle is smaller @ompaable to the electron mean free pathHence, forAu NPs
smaller than 50 nnmo scattering is expected from the bulk, so all the interactions are expected to
be with the surfac€X. Huang, Neretina, and-&hyed 2009)

Collectie oscillations of these free electrons in metals are called plasmons and occurreceit a
defined frequency. Plasmon can be described as a negatively charged electron cloud coherently
displaced from its equilibrium positions around a lattice made oftp@dy chargedongVincenzo
Amendola, Roberto Pilot, Marco Frasconi and lati 2017)
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FigurelAbove illustration of a LSPR excited by light in a spherical nanoparticle, belowlepRReasited as a springass
harmonic oscillator where free electron density is the equivalent mass

The electrical field of an electromagnetic radiation with a wavelength much larger than metallic
nanoparticles can set up standing resonant conditions With plasmons, while this excitation of
plasmon by the electric field of light is not allowed in bulk maftdoores and Goettmann 2006)

As depicted irfFigurel, when the wave front of the light passes, the electron dnisi the particles

is polarized, this coherent displacement of electrons from the positively charged lattice generating
a restoring force that pulls the polarized electron back to the lattice. Plasmon in ahisiP$e
consideredas a masspring harmonicoscillator driven by the energy resonant light wave, where
the electron cloud oscillates like a simple dipole in parallel direction to the electric field of the
electromagnetic radiation. In this model the mass of the spring is represented by the electron
density and the constant of the spring is set by the coulomb restoring force between the lattice
atoms and the electrons, this simple model is often utilized to gain-gestitative understanding

of plasmonic system.

Plasmons in NPs with size smalleaint light wavelengttare nonpropagating excitations, and since
their oscillation isdistributed over the whole particle volume they are calléatalized surface
plasmons (LSXVincenzo Amendola, Roberto Pilbtarco Frasconi and lati 2017)

Considering gold nanospheres (Au NSs) with size much smaller than the wavelength of the light, the
metal polarizability can be used to express the distortion of the electron cloud in response to the
electric field(Vincenzo Amendola, Roberto Pilot, Marco Frasconi and lati 2017)

| o- W — = @

A: light wavelength - : dielectric constant othe nonabsorbing surrounding mediunmw
nanoparticles volume ... geometrical factor.(. ¢ in the case of spherg} _:f requency (
dependent complex dielectric function

For obtaining thadielectric permittivity in metalsthe first developednodelwas theDrude Model
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1.3.1 Drude model
In this model electrosare considered as free particles of a gas (plasma)itansks the classical
statistical distribution of Boltzmann to describe them. This model is an oversimplification of the
system and has some limjtisut it is an easy tool to understartie plasmon resonanceielectric
permittivity is described by a complexfurt i on of the exter néVooresl ect
and Goettmann 2006)

1 T 1 k< @)

-9 - — e——_ . — =
T o 11 1T

- : polarization background of the ion core (in the case of metals it is related to the intraband
transitions)

I :Dumping parametersince Drude model is a classical approach this parameter represents carriers
scatering. WherNPs i ze 1 s comparable to the mean free p
corresponding bulk material because the carriers scatgvith the surface is relevant.

wp Plasma frequency

T — 3)

Ne carrier density

m* carrier effective massstands for the effectie mass of the electron (takirigto account the
presence of gositively charge background)

1.3.2Necessary conditions flocalised surface plasmon resonant@&P

Only light with frequency in resonance with the oscillation of the plasmons is able to excite the LSP

if this occurslocalizedsurface plasmon resonanctake place.To showocalized surface plasmon
resonance a NPneeds to be bigger than a couplermnometresand smaller than 1/5 of the LSFs
wavelength. In that casenside theNPthe dielectric polarization can be assumed as uniform and

the electronic structure of the particlean be regarded as the one in bulk materfgliasistatic
approximation) These approximations allow to describe the coherent response of free carriers with
the laws of electrostats and therefore, as already seen, the electetoud distortion caused by an

i ncident Il i ght radi ation can b elequatop Ljdircensod by
Amendola, Roberto Pilot, Marco Frasconi and lati 2017)

Fromequationl is possibléo calculate the extinctiocrosss e ct i on o, far & spleericalar t i
Au NP itis:

” —w — (4)

From equation 4 is clear that:

1) The plasmonic properties of any material are defined byeité w)

2) ,  scale with particle volume

3) Oextis maximum when the denominator iminimized, namelythe LSP is excited at the
frequency where



RO 5? mR (5

the equation 5 is called thErolich conditionlt is a clear explanation ofhe reason why theLSPR
can be tuned by changing the dielectric constant of the surrounding medium_( , anyway, also
NPs size, shape and composition can strongly affect th 3B ke geometrical factor)Vincenzo
Amendoh, Roberto Pilot, Marco Frasconi and lati 2017)

1.3.3Calculate the surface plasmon resonar@BlRs and NSs

Slver, copper and goldpherical nanoparticles show a strong SPR band in the visible region, while
other metal have broad and weak bands in t¥ region.A red shift is obtained for hollow or
core/shell structures and anisotropic structures like GNRSs or triangtractures (X. Huang,
Neretina, and ESayed 2009)

Mie was the first to calculate the surface plasmresonance for a small spheir@eracting with an
el ectromagneti c f i equationunger tsecappvopriatg bobmdaxyveenditionss
(Eustis and Ebayed 2006b)rhis first and simple theory alloww calculate (under certain condition)
LSPR of Au NSsowever in this theory the only materiedlated functions and constants are the
dielectric constant of the surrounding mediwand the complex dielectric function of the metal. The
surrounding mediunrefers to the capping material that prevents nanoparticles aggregétioR,
Mohamed, and EGayed 1999)

Nowadays, tk modern method for calculating SPR use the discrete dipole approximatiori{DDA)
and allow the calculation for arbitrary geometry such as GNRs. UsnBEA Gans was able to
extend Mietheory for the explanation of optical properties of ellipsoid particiesmely prolate and

oblate particles averaged over all orientatioria the case of nanorods, they show to have two
plasmon resonances, one at around 520nm due to transverse oscillation of the electrons (TSPR) and
the other at longer wavelength due to Igitudinal plasmon resonance (LSPR). The latter one is
easily tuned by change the aspect ratio of the nanorods (R=I/d), namely changing the ratio between
the particle diameter and length. On the contrary, TSPR do not depend to the aspect ratio and it is
atthe same wavelength as the plasmon resonance of the spheres. In order to obtain LSPR red shifted
higher aspect ratio have to be reach@dousaf and Ali 2007; Link, Mohamed, an&&jfed 1999)

Anothermodel used to describe the optical properties of metal nanopatrticles is the Maxwell Garnett
theory. It compute the effective (complex) dielectric function of the composite material, namely
the metallic nanoparticles and the surrounding medium, and fromdalculated dielectric function

it is possible to derive the refractive index and the absorption. In this theory is possible to introduce
the dependence to the shape of the particles by the introduction of a screening parafhétér
Mohamed, and ESayed 1999)

Differences between localised surface plasmon resonance of GN3sIdN8s are depicted gure
2. From the figure it can be seen that the interaction between the electric field (E) of incident

1 The DDA simulates the metal particle as an array of N point dipoles ohkpolarizability tensor
organised on a cubic lattice to represent the NP slfgpeenzo Amendola, Roberto Pilot, Marco
Frasconi and lati 2017)
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polarized light (propagating along K direction) and the particles genecatéective oscillation of
conduction band electrons with respect toelpositively chargedhetallic core

In the case of NSs the SPR band ligkenvisible region, while GN$hows two bands. The more

intense band for GNRSs in the NIR corresponds to LSPR so it is due to the electron oscillations along
the long axis. The vek band i n the visible region and
corresponds to electron oscillations along the short @isluang, Neretina, and-&hyed 2009)

It has been foundhat in aqueous solutions, the absorptionmaximum of LSPRmaxis linearly
proportional to R by the following relationsk{}. Huang, Neretina, and-&hyed 2009)
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Figure2 Schematic illustration of the interaction of polarized light gottl nanospheretaken fron(X. Huang, Neretina, and-El
Sayed 2009)

1.3.4Losses in plasmom@anoparticles

The persistence of plasmonic oscillations is limited in time by losses.

In noblemetaln anoparti cl e tcurpviaawve diffenent dagSdranighsen et al. 2002)
(‘as reported irFigure2). The total relaxation rat€ can be expressed as:
® ® 1 w0 (@

1) I Radiative decay (scatteringiroducing elastically scattered radiatigonnichsen et al.
2002) As it can be seen fr om e ¢facot meamngthat t hi
it rapidly decreases itsontribution to the total relaxation rate while lowering the SPR
frequency.
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2) @ Nonradiative decay (absorption) electronic relaxation processgransformation of
particle plasmons into electrehole excitation. Both intraband and interbarftB)are part
of this decay. Intraband are excitations within the conduction hantile interband are
excitations due to transition betweem bandsand the conduction bandIntraband
transitions are an unavoidable consequence of coupling light to free carrietsass
modelled in theDrude function differentlyinterband transitions are avoidable if you work
at frequencies away from the bandgap ene(§pnnichsen et al. 2002)

Electron-electron scattering eledron—defects scatteringand additional damping effects
due to surface effects are linked to the decay into electhahe excitations both intraband
and IB (Landau mechanism).

The final effectof nonradiative decayis the release of heat in the soundings of the
particle(Vincenzo Amendola, Roberto Pilot, Marco Frasconi and lati 2017)

The bandwidth of SPR of a single particle is larger for faster loss of coh@ferwemzo Amendola,
Roberto Pilot, Marco Frasconi and lati 2017)

photon particle plasmon electron-hole pair
. °
intraband R
radiative ~excitation | g | [2
decay . Sl WS
M—" \dnterband “FI I 4|8
itati °
ho excitation | 2
|d-band|| 8

Figure3 Schematic representation of radiative (left) and non radiative (right) decay of particle plasmooblemetal
nanoparticlegaken from (Soénichsen et al. 2002)

1.3.41 Pasmon damping: gold nanorodsnamnospheres

Applications of Au NPs often require slow dephasing of the particle pla@tanichsen et al. 2002)
Sonnichsen et al. have compared tiephasing rate of Au NSs and G#Rpectively with dierent
diametersand aspect ratio . They have found that dephasing rate ®®&decreases with increasing
R (redshift), while it increases for more redshifted NSs, namely with bigger diameter. The obtained
result is due to the reduced neradiative decayn GNRs caused by the fact that interband
transitions require a threshold energy of about 1.8ia\gold.Hence, interband excitations is not
possible for plasmon with r es indead)golkis aegood low y
loss plasmonic metal in the infrared, birt the visible(3.1 eVf1.77eV)has large losseshis is
evidenced by aeviation ofthe dielectric functionof gold from Drude behavioun visible region
Suppression of interband damping should also be present in nanospheres withedookvever,
an increase of radiative damping is expected for bigger particles. Spheres with res@mangg
low enough to avoid IB resulting in stronger declae to their bigger volume

Another important point ofSonnichsert al. regards the quality factor of the rasance. As already
said, increasing the life time of the plasmons (nhamely decreased#itay) corresponds with a
decrease of theimewidthsof the plasmon peak. Since the quality factor of the resonance is dkfine
as:

9
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W
The quality &ctor is the enhancement of thescillation amplitude of a driven oscillatingssem with
respect to the driving amplitude ., the locaffield enhancementn the case of particle plasmons.
GNRs have high quality factor thanks to suppression of IB damping. This makes GNRs superior to
NSsn applications where local fittenhancements are guired(Sénnchsen et al. 2002)

It is clear that GNRs are more suitable than NSs for a wide range of optical applications, furthermore
NSs as shape impurity in GNSs synthesis could represents a problem.

MPodp Dbw{aQ aO0OFGGSNAY3I YR 0a2NLIIA2Yy NI GA?2

It is importantto understand how scattering and absorption of GNRSs are influenced iy fRea
volume of the particlesthis allows to choose the best nanoparticles for biomedical applications.
Indeed, for imaging high scattering is preferred, whileplootothermal therapylight absorption by

the particles is required in order to efficiently convérto heat for cell and tissue destructidpx.
Huang, Neretina, and Slayed 2009)

Thedependencyon R and sizef the relative contributiorof the absorption and scattering to the
total extinction have been studied by Lee anéBByed(K. S. Lee and-Ehyed 2005)They defined
the scattering quatum yieldn as the ratio of scattered efficiency to the total extinction at each
resonant maximurh

- (9)

As regard as LSPHRfferently from resonance wavelength that is linearly dependent am& dees
not depend on the volume of thparticle (see equation § n increases with the increasing of R but
saturated atintermediated values that depend onsR namely on particle volumd.arger is the
particle, smaller is the value of R corresponding to platéRask et al. 2014)An example igeported

in Figure4.

Instead, the absorption efficiency is approximately proportional e imaginary part of the
dielectric function of the metal particles, whichnegligibly small ithe visible region buincreases
gradually movingoward longer wavelength region. Therefore, the observed decreasg inf o r
GNRSs with high R which have L&PIBnger wavelength, could be due to the higher absorptive
contribution expected at these wavelengttdue to the increase in the imaginary dielectric
function(K. S. Lee and-Ehyed 2005)

2Efficiencies@) of extinction, absorption, and scattering aretaimed by dividing theross sections
by the geomet r i%ovhecerRoisstise rasliesc(dr effeative radiuR for rspherical
particle). The effective radius®(3V/4])¥? is the radius of a sphere having a volume, V, equal to

that of the nanorodw -“ - a -Q'Y. Extinction efficiency greater than 1 means the

optical species has an extinction cross section larger than its physical cross section. Finally,
extinction cross section is commonly expressed experimentally as the molar exticofficient
(L mott cm™) (Park et al. 2014; Yang, Schatz, and Van Duyne 1995; EustisSay®&R2006a)

10



Regardinghe dependency on the patrticle size it hasshedetermined that, at fixed R, for smaller
rods absorption efficiency is dominant while scattering efficiency is dominant for larger(xods
Huang, Neretina, and Slayed 2009)

The total extinction increases linearly withe increasing ofGNRSs volum&€onsideringthe
dependency of the total extinction on, Bnd havinga fixedvolume,Park et al. reported thaRhas
a negligible impact on it.
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Figure4 a and bLSPR and as functions of Ror an efective radius of 40nm A series of calculated spectra for optical extinction,
absorption, and scattering efficiencies of Au nanorods as a function of particle size & 3iXethken from(K. S. Lee and-Ehyed
2005)

The TSPR showlgferent feature: the relationship between the peak position and R is not linear (it
showsa blue shift by increasing Rhe overall magnitude of thescattering and the absorption
decreases as the aspect ratio increafi€¢sS. Lee and-Ehyed 2005)The relative intensityratio of

the longitudinal to theiransverse mode increases wiilhcreasing aspect ratio.
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Figure5 calculated spectra for optical extinction, absorption, and scattering efficiencies for Au hanorods widntéggrect ratio
taken from(K. S. Lee and-Ehyed 2005)
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1.4 Synthesis

Anisotropic particles arespeciallyinteresting for their optial, electronic, magnetic and catalytic
property. Nevertheless, shapgmntrolled synthesis of GNSs has beandti ed si nce 198
Au NSs first modern synthesis is dated back in 1857 by FdMaddyang, Neretina, and-&Ehyed

2009)

Bottom-up top-down methods are both suitable for GNSs synthesis, but the latteaisly used to

obtain the placement of GNRs on wdlle f i ned areas of o togdovns t r at
approaches, first a gold film is formed on the surface that has to be covered by GNRs, then most of
the film is removed by nanoscale pattering procedures which l@&&RSs in specific position of

the surface. Examples of tajpwn procedures are lithographic method, catalytic method, template
method.

1.4.1Sedmediated growth(bottom up method)

This is the most popular methddr obtainingGNRs and also the methoded in this work. It is
widely applied since its characterized by numerous advantages: easy procedures, flexibility for
structural modification, control over particle size, high quality and yidlvever,these features

are mainly present in synthesi§ GNRSwith LSPR between 700 and 90 et al. 2012)

This methodconsists in separate environmentor production of seeds (small gold nuclei) and
growth of the anisotropic particledndeed,seed particles are proded in the seed solution and

they serve as a starting point for the development of GNRSs that occurs in another solution after
the addition of the previous one. This useful since the conditions required for homogeneous
nucleation are opposite to those requirddr controlled growth(Scarabelli et al. 2015)andthis
procedure of separated seed and growth solutioamgoids the formation of new nucleduring the
growing step.

The frst synthesis with seed mediated grtiwis dated back in 1989 but the current concept of seed
mediated growth is originated in 20Qdy Jan&Catherine J Murphy, Jana, and Gearheart 2@Dil)
then improved by EBayed et §Nikoobakht and Ebayed 2003)

The original idea wat® use micelles formed by hexadecyltrimethylammonium bromide (CTAB) as
a “soft temBNRSdgeoWth.t o direc

142 CTAB

It is wellknownthat surfactants moleculesbove the critical micelle concentration are ablestif
assembleinto micelles in aqueous solution. In the case of cationic surfactants, such as
alkiltrimethylammonium halide and la}lpyridil haliderod likeor wormlike micelles are obtained at
high concentration while at low concentration globular/spherical micelles are obta(iYedet al.
2012) The high concentration requireddharacterizedy the high viscosity of the solutiorHalide
anions associate only moderately with tseu r f a catiang) &and micellar growth is slow. The
required concentration could be lowered by the addition of a saltroa@d, that could also increase

the rate of the nicelles growtlLin et al. 1994)
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where A the effective area of the polar headgrowy,is the effective volumef the hydrophobic
chainandl its length.

)

n 5 & (20)
The higher the bindingnergy is between the positive headgroup and the counterion, the lower
would be the electrostatic repulsion between the headgreupence the surface area per surfacta
moleale will decrease and this promote the transition between spherical to withenmicell€Lin
et al. 1994)n the case of CTAB aqueous solution a minimum concentratidr27M (second critical
micelle concentration) is required to obtain rod like mies{iP.S. Goyal et al. 1991}t has been
proved thatthe high concentration of CTAB required to obtema likemicellegCatheine J Murphy,

Jana, and Gearheart 200%)due tothe associatedhigh concentration of counterions.

e o, /.
high salt . ‘
. . G ‘ low salt
e & @ X' & 2
¢ @ &
2

Figure7 formation of wormlike/rodlike micelles ( taken frduttp://www.esrf.eu/home/news/spotlight/content
news/spotlight/spotlight213.htm}

It is possible to change the mean distance between headgroups or increase the volume of the
micelle core by the addition of may possible courdas and cosurfactants that could be strongly
adsorbed by the micellar interfaflein et al. 1994)Aromatic compounds, such as salicylate, can
influence the micellar behaviour of CTAB. Indeed, the benzene ring can penetrate between the
hydrophobic alkichain and increase the volume V in the packing parameter.

Cosurfactants are another class of molecules that barused for obtaining rodike micelles
generally they are shoithain ammines or alcohol$hey can be considered as surfactant molecules
with small head groups, they are not able to form micetlE®e,but when mixed with surfactants
they can formcompositemicelles. They can promote the formatiomn rod like micelles since #y
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are characterized by a small head group, so the averagecditbe head group between surfactant
and cosurfactant is decreased and the packing paramsiacreased.

For obtaining rodike shape particles, evahough CTAB remains the most employed surfactants,
it is possible to identify three required surfactaoharacteristic§Scarabelli, Grzelczak, and-Liz
Marzan 2013)

1) a quaternary ammonium head group which can form a complex with the gold salt precursor
and nodify its redox potential

2) bromide as counterion

3) carbon tail shorenoughto achieve solubility close to room temperature but long enough to
stabilize the nanorods.

1.4.3 Evolution ofseedmediate growth

Jana et qCatherine J Murphy, Jana, and Gearheart 2@@&paredthe growth solution by the
reduction of HAuGko HAuCl with ascorbic acid in therpsence of CTAB and silver ions. Then by
the addition of citratecapped small gold nanospherdise GNRSgrowth was started. Indeed,
addition of seed solution is necessary sincedkeorbic acid is not able to reduce the gold ions into
metal without metalnanopatrticles in solution, which are able to catalyse the reductiamg
nanorods (up to an aspect ratio of 25 were reached) were obtained in absence of silver ions by three
step procedure. In this method GNRs obtained in the first step were use@dsdbe second step,

and so on. HowevelGNRSwith higher aspect ratiovere obtained with a high percentage of shape
impurities, namely Au NSs.

An improvement of this method was obtained ldikoobakht and EfayedNikoobakht and Ebayed
2003)in 2003. Citrate capped seed was replaced by CTAB cappddad silver ions were implied
for tuning GNRSs aspect ratio. This protacoludestwo steps:

1) Seed solutiona strong reducing agent , namédg-cold solution of sodium borohydridevas
used to obtain nuclei from a solution of auric acid in the presenf CTA@atherine J.
Murphy et al. 2010)

2) Growth solution: auric acid was added to a solution of CTAB and silveAiaresak reducing
agent, namely scorbic acidAA) was used to redue A* to Aut*, then the seed solution
was added to allowhe reduction of Ad*to Au®onto the seed particles. CTAB represents a
structure-directing agents that must be present in the grow solution for promoting the
formation of nonspherical particlegatherine J. Murphy et al. 2010)

the overall chemical reaction for GNRSs can be described by the following equation
¢'00 600 00 OO ———— (00 00 'O0 Yoo &

where GHgOs isascorbic acidareducing agent that is oxidized dehydroascorbic acid (C6H606)
after the reaction

Aspect ratiofrom 1.5 to 4.5were obtained with high yield (about 99%) and low amount of shape
impurities.
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In order to obtain GNRSs with higher adpecatio a cosurfactant was used
(benzyldimethylhexadecylammonium chloridehd this allovg to reach aspect ratio of 1@y
changing the silver concentrati@dikoobakhtand ElSayed 2003)

Comparison between CTAB and citrate capped seed mediate growth shows different kind of
obtained rods. In the case of citrate capped seed in absence of silver ions pentatwinned structures
are obtained, while single crystal nanorods arbtained with CTAB capped with silver ions.
Moreover, the former shows larger dimension and aspect ré@icarabelli et al. 2015)

“,10]/'
» l

{111} {100} {100}

Figure8 GNRSs from citrate capped seed in the left and CTAB capped seed in the right tak®n hoamg, Neretina, and-&hyed
2009)

Numerous factors influence the yield, monodispersity, size and fine sHaB&IBSs. These factors
include: seed concentration andtystallinity, ascorbic acid concentration, temperature, pH, auric
acid concentration, surfactant concentration, presence of reagent impurities, the use of
cosurfactants, additives, solvent, GNRSs@agme(Ye et al. 2012)ndeed, GNRSs synthesis require
both thermodynamic and kinetic control, the former is needed to stabilize the crystallographic
facets , the latter for controlling the anisotropic growBcarabelli, Grzelczak, and-Marzan 2013)

The description of GNRSs should include length, diameter, aspect ratio, reduction yield (quantities
of reduced precursor), sipg yield (percentage of reghapel particles). This requigea precise
control through the whole growthprocess. The complexity d¢his control can be undersbd
considering that nanocrystalith distinctive shapes, most of the time, correspond to thedarcts

of a set of sequential reactions instead of multiple parallel reast@sit can be seen Figure9(Xia,

Xia, and Peng 2015)

Therefore, different synthetic approaches were explored by changing these factors in particular to
improve protocols of GNRSs with LSPR beyond the interve@d@am.

For this purpose, various aromatic addés were studied by Ye et al. in 2Q¥2 et al. 20124h order

to improve the synthesis of GNRSs and reduce the required amount of CTAB. They kept the seed
mediated growth with CTAB capped seed like Nikoobakht ai@hy#dNikoobakht and Ebayed
2003)but decreasd the amownt of CTAB in the growth solution from 0.1 to 0.05M by the addition

of aromatic additives. What they found is that C¥&Bromosalicylic acid system allows to obtain
greater dimensional control for GNRSs in thaga of LSPR from 705 to 904nm, moreoverythe
found thatit is possible to increase the aspect ratio of the GNRSs (5.9<R<8.5) by optinazhkig

the amount of seed and silver ions
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Figurel05-Bromosalicylic acitholecule

Additive influence has been explained as intercalation of the additive within the CTAB bilayer tha
could improve its stiffness but other mechanism should be take into accbkatthe capability of

the carboxylic group of forming complex with the gold salt and hence influencing its reduction
potential (Scarabelli, Grzelczak, and-Marzan 2013)

Independently ofthe kind of protocol applied, the rgwth of nanorods can be arrested by
centrifugation and redispersion (CiR)deionised watepr by the addion of NaS with an optimum
ratio of 4:1 sulphur to metgffollowed by CR)Zweifel and Wei 2005)

1.4.4 Poposed growth mechanissn

It is widely accepted that either vesis of seed mediated growtimvolve the formation ofCTAB
bilayerinstead of CTAB monolay@atherine J. Murphy et al. 20185 illustrated irFigurell. Even
though the existence of the bilayer during all the growth of the GNRSs is not proved experimentally
(Da Silva and Meneghef2D18)
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Figurell GNRS inside CTAB bilayer ( taken {{©rd. Murphy et al. 2005)

The CTAB bilayer consists of two surfactants leaflets, one presents the surfactants head groups
directed toward the aqueous med while the other is associated with the gold surface via the
guaternary ammonium headgroups. Three different interactions can be described for this system:
the outer CTR-bulk solution, thebilayer core and the GNBTAB interface. This structure is the
most energetically favoured since it allows hydrophobic interaction between the surfactant tails in
the bilayer core and the hydrophilic interaction at the interface nanoparsclrent. The bound
betweenthe surfactants and the surface is generally acedib be due to electrostatic interaction
between the cationic head group (quaternary ammonium) and anionic sites on the gold siitiace.
possiblenature of these negative chargen gold surfacevas discovered to be dependeah Au

Br interactions. Theconcentration of AtBr on the GNRSs surface influes¢ke arrangement of
adsorbed CTAB. Lee et al. 20L1)oreover, it has been demonstrated that the thickness of CTAB
structure adsorbed on GNRSs is 3®2nm which is smaller than the double of the chain length
(4.34nm). This suggests that there is a significant interdigitation of the (@amezGrafia et al.
2012)

Once thatbehaviour of CTAB antdhas been understood we have to describe how this system can
lead to nanoods instead of other shapes. Different mechanidmse be n pr oposed f or
growth.

1) Electric field directed growtfMulvaney et al. 2004)
AuCl} are bounded to cationic CTAB micelles by disptabromide ions, then with the addition of
ascorbic acid it is reduced to AgCITAB micelles. The latter complex is negatively charged on the
surface so its transport to the cationic micelle capped gold seeds is controlled by double layer
interaction. Thecollision between seed particlesxd AUGFCTAB micelles are faster at the tips than
at the side, so this promote the rod shape growth. However, the mechanigsrda explain how
the initial tips of the seed particles are formed.

AuCl, i g
:. . ._ ‘9 A:C':.
2 o @ (9] #x
+. 3 ‘. +: - .+
+2e @ slow
@ 5] @ k=]
AuCl, ® &, ®AuCI, AuCl,- @ @, ®AuCl,

Figurel2electric field directed growth taken frdiiulvaney et al. 2004)

2) Surfactants preferential bindings directed growtb.J. Murphy et al. 2005)
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This mechanism was the first capable to explain the origin of the anisotropic growth. The growth
starts with sngle seed patrticles that Isfacets that are differentially blocked by surfactant (or
another specidghat then electrostatically attracts the cationic surfactarindeed, they stated that
CTAB preferentially adsorbed on the lateral facets of GNRSs. HBrcETAB bilayer forming on

the later side of the growing particle permits the formation of anisotropy, since the reduction of the
Au ions is possible only into the tips. In this method CTAB is notdeved as a soft template
indeed this model is knowas the zippingike growth mechanism.

:”.‘Q‘. CTA* @
‘ ““ 4, Br— @
PP  °

> - Au
0o00000"

Figurel3zippinglike growth mechanisrteken from(Da Silva and Meneghetti 2018)

3) Soft template mode{Jana 2005)

In this nodel elongated CTAB micelles in the growth solution act as template that can permit the
introduction of seed particles (with diameters bel@xbnm). In this case the shape of the template

is the factor that can induce anisotropy. In this scenario additigesh as salicylate aromatic
additive, can be ugkto promote the formation of longer GNR8ge to their ability of modifying
CTAB micelle structurélowever it was later found that in presence of silver ions, the symmetry
breaking occurs iparticles wih diameters 46nm. Since the CTAB concentration in frewth
solution is nothighenough to permit the cylindrical micelles formation, only ellipsoidal micelles are
present. These micelles are too small to act as a template considering the diametenghttixe
symmetry breaking occurs. For this reason template mechanismtisurrently accepted as an
explanation of anisotropic grow{ba Silva and Meneghetti 2018)

[ :O’ oy ..: eo°®
..0 o, CTA' @
. i“"f\v: o —_—
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®e , ® Au
.. ..
‘..ooo ..o.‘.

Figurel4 Soft template model taken froifiDa Silva and Meneghetti 2018)
4) Recent developed modéDa Silva and Meneghetti 2018)

To investigate the growth model, cently researchers have focused alifferent possiblekinds of

CTAB structures on the surface of GNRSs. Inddaegbroved thaiat the beginning of GNRSs growth

both tips and lateral facets growth, although at different rates. An explanation could letesh

formation of CTAB adjacent cylindrical micelles on the surfaces, altogether with channels (called
18



intermicellar channels), that allow molecular gold source to flow to the surfBloe width of these
channels depends on the facets on which the rigseare adsorbed, so different flows of gold are
present.

Figurel5CTAB cylindrical micelles on gold surface. The yellow and dark blue spheres represent gold and nitrogen atoms, respectively.
The grey lines are polar tails. Theomide ions areepresented bymagenta and green spherebnage taken frorfDa Silva and
Meneghetti 2018)

Then CTABtructures evolve to a bilayer system and the growth continues with a zipping like
mechanism. The driving force that separates the early and the latter stages seems to be the
concentration of bromide ions on the gold surface. A relatively low concentrafibromide anions

leads to the formation of the adsorbed adjacent micelles, when the concentration rises on the later
stages a bilayer structure formsThe concentrdon of bromide ions increaseduring the growth

since [AuBrjs considered to be the sgie that flows on gold surfaceThe flux of [AuBrlon the tips

and the rate of reduction is higher so many bromide ions are released here, anyway they move to
the lateral facets since their affinity is higher. The increasing bromide concentration daténal

facets causes the change of the CTAB structure from micelles to bilayer, sistin the
anisotropic growth, as reported iRigurel6 where this mechanism is represented.

Br- Br- Br- C
Intermicellar Channels

Intermicellar Channels

AuBry
—_—

AuBry
). .
Intermicellar Channels ‘

AuBry = Br-
Br-

Br-

- -

Figurel6 GNRSs growtmechanism with CTAB structure evolution taken f(Ba Silva and Meneghetti 2018)
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1.4.4.1 The role of AgNO3

Regardinghe role of AQNQ in cortrolling the aspect ratios, onproposed explanatiorfSal and
Murphy 2004)involves the formation of AgBrin presence of CTAf@he concentrations are above

the Kps) and the formation of Ag[BrCTA]complex Indeed, at low pH, the ascorbic acdnnot

reduce silver ions to Adput could be the AgBspecie thatcanact as a facepecific capping agent

and adsorbindlifferentially to the Au facets stabilizing the rod growth and directing the growth
through the rod shape. Moreover, AgBr presence on the surface can decrease the charge density ,
and hence, repulsio between neighboung headgroupsof CTAB which allows the micelles
elongation(Nikoobakht et al. 2000)

Another theory involves the under potential deposition (UBDgilver to gold metal surfaq&uyot
sionnest and Liu 2005)PD consists in the fact that reduction potential of thgAd is lower on a
metal monolayer than bulk reductio®@rendoff and Murphy comhed UPD, electrifield-directed
and surfactant preferentiabindingmodelswith their studies on metal quantification in GNRSs and
proposed the following mechanism.

AuCL- AuCl,
{110}
+ @ —
Au-CTAB seed {100}
AuCl, (~1.5 nm dia)
Growing gold particle

CTAB micelle-AuCl,

Ag®on Au {110}
CTAB-AuCl;

. / (excess) .l ,J

Au growth along
the {100} direction

Fast Ag* UPD
on {110}

Slow Ag® UPD
on (100)

+ CTAB-AUCI, (excess)+ Ag*(excess)

*—_ Ag?on Au {100}
Growth termination

Figurel7 mechanism of nanorod growth from CFa®tected goldseed particles in the presence of Agken fron(Orendorff and
Murphy 2006)

AuCH-CTAB micelles move toward seed particles by electric field interaction. Thanks to CTAB
preferential binding to{110} facet (it has the higher surface energyhich is lowered byCTAB
binding) sphericalsymmetry is brokenMoreover, slver ions reduction is fasteon {110} facet
Preferential interaction of CTAB and silver with that facet results in particle growth into rod shape
along the [110] direction. When Ag deposition occurs {100} facet it stops the particle growth
(Orendorff and Murphy 2006)ndeed, thigscoherent with the results that GNRSs obtained without
silver anions are longer than GNR&gained with the silver ionsa{though the firstones are
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Normalized Absorbance

accompanied by ahigh rate of shpe impurities) and the fact thatwer a certain threshold of silver
ions concentration, it is not possible to increase the aspect fdtibluang, Neretina, and-&ayed
2009)

1.5GNRSs characterization

UV-VISNIR spectroscop and TEM/SEM are the main techniques required for GNRSs
characterization. Optical spectrum permits to obtain numerous informgtiemson et al. 2017;
Scarabelli et al. 2015)

- the full widthat half maximum (FWHM) and the shape of the LSPR band are excellent index of size
dispersion andggregation. An exantgof aggregation absence is reportedrigurel8 A, while the
presence of shoulder in LSPR band could be due to plasmon coupling in GNRSs aggregates. For
example Figure18B that presents an increase in th®/HM and asymmetry in the LSPR could
indicate slight aggregation @olydispersityof size and aspect ratio

- LSPR peak position allows to estimate the average aspect ratio

-Nanoparticles concentration could beedved from absorbance at 400nmndeed at this
wavelength for GNRSs solution the main contribution to absorbance is due to interband transitions
in metallic gold andit has been found thathis value of absorbance is independent of particle size
and shape (until the particle volume remainsdselcertain value otherwise scattering become a
significant contribution to the total extinctioni value of absorbance eqsdb 1.2 corresponds to

gold concentratiofAu’ =0.5mM(Scarabelli et al. 2015)

- the ratio between the maximum absorbance of the LSPR and TSPR peaks along with the presence
of shoulder on the transverseand indicatethe presence oby-products Indeed, unwanted (but
inevitable) namospheres have a strong absorbance between-528nm, resulting in increasing the

TSPR peak.
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Figurel8on the left some exampi®f GNRSs spectra: ilpal GNRSs spectradpectra with aggregation shoulder C and D) TSPR
show sloulder due to shape impurities confirmed also by the low value of TSPR and LSPR ratio. Asymmetry in the LSPRsbands mean
wide size distributionOn the right all the interesting parameters are summarizéte image are taken from(Henson et al. 2017;
Scarabelli et al. 2015)
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UVW-VISNIR spectroscopy is a useful tool to evaluate the quality of an ensemble of nanoparticles,
but for determining particle dimensions TEMd SEM are the most useful tools. However, for a
good use of TEMmages, a sufficient number (at least some hundreds) of NPs and GNRs must be
present, otherwise the figures obtained do not have a statistical meaning and the obtained average
dimensions can be biased. This is a critical step and can be a source for avenage size
evaluation since GNRSs, in particular if slowly dried during TEM sample preparation, tend to present
shape segregation, meaning that-pyoduct are largely accumulate on a particular area of the grid,

but also different size GNRSs tend toysw together as it can be seen frdfigurel.
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Figurel9 TEM images obtained by qnd preparatlon as reported in the red box (this method allows for a slo
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1.6 Application olGNRSs

Plasmonic nanopatrticles (noble metal) differently from the other transition metal nanoparticles
have been used far beyond the application as cataliisinks to properties that occur at the
resonance frequency. Indeed, the strongly resonant surface plasnuilfation can be visualizesb
photons confined to the small nanoparticle size.€ldonfinement ofthe photon oscillation with the
frequency of lighin resonance with SPR leads to a large decrease in its wavelength (to fit within the
nanoparticle). This increases the amplitude of the electromagnetic wave by orders of magnitude,
and since the intensity of the radiation is proportional to the squareafe amplitude the intensity

of the light results increased dramaticallfhe SPR consiggbstantiallyin a focus of the resonantly
coupled light that allows an amplifigah by orders of magnitudes difjht absorption scattering,

and a considerable latfield enhancement These properties alloomumerous applicationgX.
Huang, Neretina, and Slayed 2009)

As already said gold presents numerous advargdg®compatibility, easy functionalization etc.)

and amongthe possble morphologies of @d nanoparticles, GNRSs are particulantgresting.
Indeed, they showinteresting scattering and absorption propertjgsgh sensitivity to changes in

the dielectric nature of the surrounding environmead theirLSPR can be tundtbm visible to

NIR region which is useful many applications. Indeeétom 800 to 1300hm the maximum tissue
penetration can be reached avoidindamage of health cell and attenuation of excitation
(wavelength shorter than 800nm are adsorbed by hemogicdmnd melanin, while wavelength
bigger than 1300 nm are strongly attenuated by watdf)ey alsashow the propery to act as a
transducer able to convert light (VIS or NIR) into heat which diffuses in the surrounding environment
giving rise to the so calliephotothermal effectHence, the exceptional radiative andn-radiative
properties of GNRSs haweake them extremelynteresting for applications in sensors, imaging,
drug delivery, photothermal treatmen{Stone, Jackson, and Wright 20l1Ijlowever, for
considering the impact of their application, it is necessary to evaluate their patergks to human
health and environment. Toxicities studies on GNRSs with differentshiape and surfactants
showed that even if free CTAB is cytotoxic, bounded GSiAd. Particles purified by centrifugation

or dialysis membrane are supposed to efe, nevertheless they can anyway release free CTAB
(losses of bounded CTAB), so surface modification is preferred for replacing or covering CTAB
molecules on the particléStone, Jackson, and Wright 2011)

1.6.1 Biosensing

As already said(Frolich conditio, SPR depends on the dielectric constant of the surrounding
medium (or refractve index m=¢em?). As it can be seen from equationdnegative value forhe

real part of the dielectriconstant of the metals expected Considering the approximate linear
relationship between the real part of the dielectric constant of the gold and the wavtdendpich

is reported inFigure20, a SPRred shift is obtainedfor an increase in the&m. Hence, the SPR
wavelength, either by absorption and scattering, akkde monitor the surrounding environment
and can be us#for sensing Thesensitivity is defined as the ratio tveeen the SPR shift and the
change of the refractive index of the medium, hermoasidering that the geometrical factor is the
proportionality constant between the dielectric constant of the medium and the real path®
dielectric constant of the metag high value of the geometrical factor (see equatmives higher
sensitivity. For this reason anisotropic parteseich as GNRSs give higher sensitivity than spherical
particlegX. Hang, Neretina, and Bayed 2009)This high sensitivity of GNRSs to the surrounding
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environment has been used to monitor the bound between different lsiodl IgGs (human , rabbit
and mouse IgGs linked to GNRSs) and their respectivég&(tYu and Irudayaraj 2007)
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Figure20 Wavelengthdependent dispersion of complex dielectric constant for Au taken(#oi®. Lee and-BEhyed 2005)

1.6.2Imaging

Different imaging modalities exist but substantially they all consisthe deection of a signal
(sound wave, electromagnetic wave) produced byanaging probeshat can be able to directly
emit the signal or can emit it due & externalexcitation These bioimaging probese defined as
substances that in combination thian maging modalityprovide a signal that allow the noninvasive
visualization ofcertain process, biological structures, or conditions that would not be possible to
monitor without the presence of the probe. There are two classes of bioimaging probes,
conventonal contrastenhancing agents and imaging probes, the former are small chemical
compoundsthat bear a detectable label, the latter consist in nanomateridlbe use of
nanomaterials instead of conventional bioimaging probevule several advantagéuciwalder,
Saatchi, and Hafeli 2014)

-multimodality: they allowto incorporate in the nanomaterial probes for different imaging
modalties

-site specific targeting: they can b#esignedto become trapped in a specific area via active
(attached targeting vetor) or passive targeting (physical accumulation/attraction). In the case of
active trapping multiple targeting vectors can be attached leading to an increase of the binding rate.

- size adaptabilitythey are capable to increase the circulation timecsithey are large enough to
avoid renal clearanc§iltration thresholdof 7 nm). On the other hand, they are small enough to
pass biological barriers and can accumulayethe enhance permeability and retention effect

(EPR)

3 In tumoursand other diseased tissuem uncontrolled angiogenesis ga/dse toan abnormal vasculature. Blood
vessels are heavily bramed, chaotically arranged and present large gaps between endothelial cells. From these holes
nanomaterials can easily pass from the blood vessel to the tumour intersection. Moreover, tumour lacks lymphatic
vessels and this allows nanomaterials to freelgumulate. This phenomenon of leaky vasculature and insufficient
lymphatic drainage is known as EPR. Beside solid tumour, this effect occurs also in inflamed tissues such as in arthritis.
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-theranostic potential: theypermit to combine a diagnostic probe with a therapeutic driigeso
called” nanotheranostit could provide the tracking of the drug and the real tisesessmenof

the patientspecific responseMoreover,the drug administered in this way can be protedtfrom
premature degradation or it can change its biodistribution (for example it is allowed to pass blood
brain barriers)

However, nanoprobes compared to conventional small molecules have limited clinical application
since they show a lower target tisspenetration and distribution and elimination of the unbounded
fraction that cause an increase in the signal to background (Btichwalder, Saatchi, and Héfeli
2014)

Gold nanorodslike other plasmonic nanoparticlese suitable for optical imagirthanks to SPR. In
this imaging modalitythe measured signal is visible or NIR lightl strong scattering from the
particlesincrease their functionality in this imaging modalitge problem of this technique is the
low penetration deptitBuchwalder, Sdehi, and Hafeli 2014)

GNRScanalsobe applied for photoacoustic imaginghich is based on the photoacoustic effect,
namely when the sample is irradiatedcertain amount of the energy is converted to heat and
thermoelastic expansion of the object generated which causes an increase of pressure that
propagate as sound waveBetection of the pressure wasallows to localize their source ard
obtain information about the studied sampleThis methodhas the great advantage of a high
penetration depth and its signals proportional to optical absorptiarin this casethe probe must
havehigh absorption cross sectipfor this reason GNRSs can greatly enhance the contrast in this
technique due to the high efficiency of SPR absorption in the NliRnreghere tissue are more
transparent It has been founded thatadd nanostructuresare able to enhance signal to noise ratio
(Loredana Latterini 2015; X. Huang, Neretina, arSaykd 2009)

Photothermal imaging is another modalityat can use GNR&s a probe, it relies on the detection
of heat gradients optically generated around the partiflesedana Latterini 2015)

1.6.3 Gene delivery

Gene therapy idevelopingnew molecular medicine whose goal is the developent of new
treatments for inherited and acquired IHghreatening rare diseases. genetic disease is due to a
damaged gene that produce abnormal protein. By repairing the damaged geisepossible to cure

or slow down the diseaseTo this purposet he nor mal gene has to be i
where it can replicate and it is passed when the cells dividEse conventional vector for gene
deliveryis modified viruses but they can cause immunological responses and risk of cytotoxicity.
GNRSs can be ubfor this purpose a shape transformationféGNRSs can be obtaithby exposure

to NIR laser pulse and this can lead to the release of DNA (adsorbed into the GNRSs surface) due to
surface atom rearrangemen(Errant gene therapeuts 2019; X. Huang, Neretina, andSajed

2009)

1.6.4Photothermal treatments

The heat released by the relaxation the excited plasmon of gold nanoparticlesn be used to
destroy different biological target GNRSs have been proved to successtidgroy cancer ced,
however gold nanoshells amdready applied in human®r lung and prostate cancarnder the
brand name of Aurola$¢https://nanospectra.com). Photothermal treatments via heat release are
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due totwo different mechanism which differ in the temperature reached during the irradiation,
hyperthermia and photothermal ablation. In the case of hyperthermia the tissue ietieatt5°C,
this temperaturecausesdysfunctionin the normal cell metabolism.his treatment is prolonged
during time and a itis performed through theuse of a continuous lasersource Photothermal
ablationis due to afast and high temperature increase that casskrect necrosis;n this case a
pulsedlasersourceis useqdLoredana Latterini 2015)

GCompared with other photothermal absorbers (e.g. carbon nanotubes), plasmonic nanoparticles
allow to combine both imaging and photothermal therapy. In the case of GNRSs, they also allow to
absorb light in the NIR region namely in the transparency windowiabgical tissuend for this
reason,they are particular interesting. Huang, Neretina, and-&yed 2009)

Local heat must be selectively genermia the diseased cells, hence GNRSs has to be delivery to
the cancer cellsThis can be achieved by passive targeting (EPR) that in the case otcGINRSBBly
involves CTAB replacement by PH@s is due to the facthat decrease the nonspecific cells
absorption. Indeed, CTAB capped GNRSs tend to penetrate cellsgecific absorption) via
receptormediated endocytosis. Cells surface receptors are programmed to recognize proteins
present in serum. The positively charged surface of CTAB molecules can interact with negatively
charged serum proteins and with the new protein ting they are easily absorbed by cells. The
other way can be active targeting which invatlee use of corjugated compounds that specifically

bind to cancer biomarkers (receptors overexpressed on the cancer €€llsluang, Neretina, and
EFSayed 2009; Stone, Jackson, and Wright 2011)

1.7 Aim of the thesis

This work focuses on the study of the GNRSs growth mechanism in the innovative synthesis which
utilizes an aromatic compound {Fomosalicylic acid) along with CTAB surfactant. We focus in
particular in the study of the roles of the silver nitrate (AgNO3) thiedaromatic compound in the
different step of the growth. Silver nitrate concentration was changed for obtaining GNRSs with
higher aspect ratio. The effect of the quenching step was also investigated in order to determine its
efficiency. Reproducibilityf the synthesis and the stability of the nanoparticles with the aging were
also tested, since a precise control over the LSPR peak position is extremely important for GNRSs
applications.
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2 EXPERIMENTAL SECTION

2.1 Synthesis of GNRSs
Two solutims are prepared during the synthesis, theed solutiorand thegrowth solution both
have to be maintained at 30°C afwl performing the reactionshe best vessalare scintillation

vials.

Preparation of seed solutiodhmM (Austock solution) were mixedith 2.5ml of water, then 5ml of
CTAB 0.2M are added. After mixing for 1 minute, 0.6 ml efat@ 10mM NaBlvere added and

mixed vigorously (12000rpm) for 1 minute. The solution has been maintained undisturbed for 30
minutes and then added to the grotvisolution.

Preparation of the growth solutiofY. Huang et al. 201:89.36 g of CTAB along with 0.044 g of 5

bromosalicylic acid (5BrSA) were dissolved in 10 mL of water, placed in a water bath at 30°C and

stirred for 1 minute. Then 0.60 mL of AgiN{InM were added and the solution was stirred for 30

seconds and left undisturbed for 15 minutes. Subsequently, 10 mL-sfa®k solution were added,
wt %) .

foll

owed

by 0.

084

mL

HCI

(37

acid 64 mM were added drop by drop. The final step was tltkiad i o n
to the growth solution and at the same time, the stirring was stopped with the removal of magnetic
rod. The growth solution was kept at 30°C avoiding any disturbance for all the time of the growth

Tablel concentrations ofeagents for GNRSs synthesis in stock solutions and final concentration in growth and seed solution

mM stock mM growth | MM seed
solution solution solution
AgNQ 4 0.12
HAuC)-3HO0 1 0.48 0.24
Ascorbic acid 64 0.25
C®B 200 47.50 94.34
NaBH 10 0.57
HCI 48.40
5BrSA 9.57

of

After
32 pulL

Quenching of the m@wth solution it occurs by the addition of a volume of #asolutionwhich is
twice thevolume of thegrowth solutionandwhich enables$o obtain asulphur to meal ratio equal

to 4. Thenavolume of water 3.5 timethe volume of the growth solutiors added. After 15 minutes

the solution is centrifuged at 12000 rcf for 30 minutes, then the supernadtaieimoved bymeans

of aPasteumipette and the obtained GNR$slletsare dispersedn a volume of water equal to the

initial treated volume

Warning:

15
of

- Every piece aflasswaranustbe washed with aqua regia and every source of contamination
has to be avoided (lab environment has to be kept clean, metallic surfacgsls cap have
to be avoided etc).
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HAud] is highly hygroscopic and it attacks metal spatula, so to weight it parafilm can be
usdal to form a plastic film on the gula. Parafilm is also usefa$ weighing paper since it is
possible to rinse it with war that has to be collected to Au stk solution's volumetric flask.

- AgNQand ascorbic acid solutiomsustbe prepared fresh every time and carefully protected
from the light. If the quality of the reducing agent is adequate, after the ascorbic acid
addtion the solution should become colourless within about 30 secondsn evith a very
low stirring (200rpm)

- NaBH has to be weighld as fast as possible and the water used for its solution has to be
previously maintain in an ice bathhe aldition of NaBk solution to the seed solutiomust
be as fast as possible.

-  CTAB and CTAB and 5BrSA solutions need to be heated for allowing organic substances
dissolution (it can be donley keeping vials in hot tap water) and then it is better to maintain
them under stiring. It is also important to control that at the beginning of the synthesis foam
IS notpresent otherwise it can compromisthe addition and miingof the reagents

- Seedsolution must be aged0 minutes before the addition to the growth soluti@md it

has to be ready wheascorbic acid is addew the growth solution. For this reasoit is

convenient tocarefully schedule the timeline of the synthesis. It is useful to start the

synthesis with the preparation of the seed solution until the stepNaBH addition. At this
point it is convenient tetart with the preparation of growth solutionAfter adding AgN¢)

and while the growth solution has to be kept quiet, the weighting of Niaid the finishing

of the seed solution synthesis are recommenddusEchedule should assure the respect of

the desired timeline.

2.2 Characterization
IR measurements were performed wilexus FAIR UV-VISNIR spectra were obtained with Perkin
Elmer Lambda 750.

2.2.1 Scanning Electron Microscopy (SEM)

Information onthe sample is obtained by its interaction with an electron beam that generates
signals in the form of secondary electrons, back scattered electrons-eaygsXSecondary electrons

are due to inelastic interactions between the primary electron beam and dhmple, these

el ectrons are very beneficial for the 1inspe
Backscattereetlectrons (BSE) are due to elastic collisions of electrons with atoms. The higher is the
atomic number of the atom the higher will bled scattering and hence a higher number of electrons
are collected by the detector. When the electron beam strikes the surface of a sample it causes the
emission of Xay photons. Energy Dispersiveay Spectroscopy (EDS) uses this emittedys to

obtain a localized chemical composition through the analysis of their en6ZgfAMM 2017,
PhenomWorld BV 2017; Joshi, Bhattacharyya, and Ali 2008)

The measures were performed wighZEISSigma VP F&EEM

Sample preparation: the specimen is deposited on a sample holder (fiukt)d all, the stub has
to be properly cleaned, this can be doneain ultrasonic batlwith acetone as solver{two cycles
of 15 minutes each). A doubfded conductive tape is used to mount a silicon wafer on the stub.
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GNRSsqueous solutions (after purifitian, see next paragraph) is then dropped onto the silicon
wafer.

The purification of the GNRSs consists in the removing of part of CTAB so that a SEM measure can
be performed; GNRSs solutions, have to be centrifuged times. 1.5m| of GNRSs solutiaos
transferredinto a conic Microcentrifuge Tubes and centrifuge at 12000 rcf for 15 minutes, after that

the supernatantis removed and replaced with 1 of Milli-Q water. The subsequengdispersion

of the pellets usin@ vortex mixercould sometimes be ditult and the pellet remains as a red spot

at the bottom of the tube, in this case it needs to iBlispersedn an ultrasonic bathAfter the

second step of centrifugation, supernatant is again substituted with -MilWwater and pellet is
redispersed. Athe end of this process the solution can be considered purified from CTAB and be
used for SEM analysis.

2.2.2 Transmission Electron Microscopy (TEM)

In this case an electron beam passes through the sample and an image is formed from the
transmitted electons that have interacted with the sample. Interactions between the atoms and
the electrons allow to observe sample characteristics such as crystal structure but also its defects,
for example in the High Resolution TEM (HRTEM) mode. TEM allows to pelnfemital analysis

of the sample by E0¥Xoshi, Bhattacharyya, and Ali 2008)

The measures were performedth a JEM300, Jeol microscope.

Sample preparation: GNRSs aqueous solutions have been dropped to TEM grids (holey carbon film
on copper grid) pl aced above optical paper.
solution, then micropipette has been set to a higher volume valueyatbo 20 pL) i n ord
to completely release the drop without the needing to touch the grid. The small volume of solution
forms a small drop within the border of the grid that allows to avoid losses of GNRSs in the paper

2.2.3 X Ray Diffractio(KRD)
ray diffraction (XRD) is a widely used technique for the study of properties of solids. A X ray beam
striking the sample, it is diffracted following the Bragg law:

3

i e )

Where n is an integedhk is the distance between crystale planes with Miller indices (hkl) in the
crystal,_ is the wavelength of the incident X ray beam #§ni$ its angle of incidence. The XRD
spectra reported the intensities of the diffracted X ray beams as a function of the angle.

The equation of Deby&cherrer allows to determine the grain dimension of crystallite
0

Q
wweé i —

Where b is the full width at half maximum of the pedk,s the angle of incidence, is the
wavelength of the incident X ray beam and K is about 0.9.

The measures werperformed with Philips XPert diffractomer with a Cu radiation.
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Sample preparation: GNRSs solutions were concentrated by centrifuge: 4ml of GNRSs solution are
transferred to two conic microcentrifuge tubes and centrifuged at 12000 rpm for 15 minutes, then
the supernatant was removed and about D of MilltQ water were used for sample redispersion.

The concentrated solutions were deposited to a zbaxkground holder by subsequent drops
deposition until a good coverage of the holder was obtained.

2.2.4Microwave Plasma Atomic Emission Spectiog¢MPAES)

MP-AES consists of a microwave induced plasma interfaced to an atomic emission
spectrophotometer (AESMulti-analyte determination of major and minor elements can be
performed simultaneously. It allows to produce plasma using nitrogen bgrtipdoy of microwave
energy.

Samples are introduced into the device by means of a peristaltic pummeldlizedin a spray
chamber prior interaction with the plasma. The aerosol is injectamithe plasmavherethe solvent

is removed from the sample, i$ atomized and excited. The subsequent electrons return to the
ground state emits light that is separated into a spectrum and the intensity of each emission line is
measured at the detector.

The measures were performed wifkgilent 4210 MRAES

Sample prparation Aqua regia has been added to the samples, obtaining a final concentration of
30% v/v as required in the sample digestion metiil@ddombs 2016After 1h of digestiofSu, Yang,

and Zhu 20153olutions were diluted to obtain a final aqua regia concentration of 10%, which better
fit instrument requirement. GNRSs solutions, standard gold solution and gold salt solution were
treated all in the same way.

2.3 Chemicals
- Cetyltrimethylammonium bromide (CTAB, Sigma, 98%, 364.45 g/mol)
- Silver nitrate (AgN$) Sigma, 99%, 169.87 g/mol)
- Tetrachloroauric acid trinydrate (HAW3H30, Aldrict99%,393.83 g/mol)
- Ascorbic acid (AAigma 99%, 176.12 g/mol)
- Sodium borohydride (NaBHAIdrich, 98%, 37.83 g/mol)
- Aqua regia (3:1 of HEHNQ solution)
- Milli-Q Water
- Sodium Sulphide (N&,Sigma78.0462 g/mol)
- 5-Bromosalicylic aci(bBrSA Sigma,90%2,17.02 g/mol)

30



3 RESULTS AND DISCUSSION

3.1 UMWVISNIRspectroscopistudy of the GNRSgnthesis

In order to describend understand the different reacti@involved in theGNRSgprotocol, UMVIS
NIR pectroscopyhas been utilized to measure solutions in the different steps of groand
nucleation process.

3.1.1.Sed solution

As reported in the experimental section, seed solution is preparethéyddition of the sodium
borohydride(NaBH) in asolution of CTAB and gold precursor. Bpectrumof the solution before
and afterthe additionis reported inFigure21, blue linespectrum (CTAB+HAuCtorresponds to
the solution prior to NaBlkaddition, while the red line corr@g®nds to the seed solution 30 minutes
after the addition of the reducing agenh the spectrunof CTAB and AMICL it can be seen that
there is a peak at 396nm which corresponds to the formation of the cordpléX}CTARSu, Yang,
and Zhu 2015)

seed
1.5 -\ —— HAuCI4+CTAB

HAuCl4

T ' T ; T ’ T ' T v T
300 400 500 600 700 800

rMnm)

Figure21 UV-VISNIR spectra of HAu©OL25 mM (yellow line, seed solution before the addition of NaBldé (ine) and after th
addition of the reducing agent (red line) at aging time of 30 minutes. On the right, the picture of the seed solutiomdirre
to the red line in the spectra

Even though it isommonry reported in literature the formation of the specie AwCITA(Orendorff
and Murphy 2006; Mulvaney et al. 200znsidering the chemistry of Au(lll) the following reaction
should betaken intoaccount(Scarabelli et al. 2015)

[AuCh] z [AuCtBr] z [AuCtBr2] z [AuCIBs] z [AuBnr]

Indeed,Au (l11) is aisoft metal center, forming squasglanar complexThe complexation strength
between Au(lll) and halide anions follows the seriesBr >Ci. Thus Au@l in the presence of
bromide ions deriving from CTA&n exchange chloride with bromide aniomben AuBs-ionswill
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form an ion pair with the quaternary ammonium surfactant monom@wsBr ~-CTA). This is proved
by the difference between thepecta of HAuGland HAuGHkCTABwolutions, respectively yellow
and blueline inFigure2l. Indeed, the former presents a peak302nm and appears pale yellow,
while the latter showshe already mentionedbsorption maximum at 396npwhich is attributed
to AuBg ~ (Usher, McPhail, and Brugger 200%2)d appears darkellow/orange.

After the addition of NaBHhe solution turrslight brown due to the formatiof small nucleiSince
the solution does not presemed-pink shade, and more importantly, the absorption spaot does
not present band corresponding to surface plasmon resonancene region between 500 and
600nm the obtained particles ha&an average diametegual orbelow 2nm(Link, Mohamed, and
ElSayed 1999; Scadralli et al. 2015)However absorption at about 350nm and just before 500nm
are due to absorption peaks associatih interband and inteband transitiorsfor Au clustes (Park

et al. 2013)

3.1.2.Growth solution

Figure22 reports the spectra, respectively in pink and yellow line, of the growth solution prior to
the addition of seed solution and of a solution of CTAB, 5BrSA andsitati@lsame concentrations

as the growth solutionThe peak at 396nm isot present in thepink line spectrundue to the
reduction of Au(lll)to Au (I) that occurs after the additionfeascorbic aciénd causes the color of
the solution turning from yellow teolorless(the ligand tometal charge transfedisappears for a
d%metal center as Au(l)).

In the spectrum of the growth solution after the addition of the weak reducing agaetpeak at
310 nmis the onlypeakpresent,since it is attributable to 5BrSAhe fact that this peak is due to
5BrSAis clear looking afigure 23 where the spectra of CTAB and 5Br&AAB andHAud,
CTABBBrSA antHAuCsolutionsare comparedindeed, it can be seen thablutionscontainingthe
gold precursoshowthe absorptionof AuBr —, but onlysolutions containingBrSAshowthe peak
at 310 nm.
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Figure22the pink line is the absorpin spectra of growth solution before the addition of seed solution. The yellow line is theispectr
of a solution of CTAB, 5BrSA and HauCl4 in the same concentrations as the growth 3dlatépectra are normalizebh the pictures
it can be seen thergwth solution beforg1) and after the addition of ascorbic acid (2)

310 nm ——HAuCI4+CTAB

- CTAB+5BrSA+HAUCI
'// | CTAB+5BrSA
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Figure23 spectra of solutions of CTAB and 5BrSA (light blue line), CTAB and HAuCl4 GC&ABr&BrSA and HAu@iWe line).
The spectra were shifted fdistinguishing them better.
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3.1.3Reducing agents in the growth solution

The aromatic additive employed in the synthesis is a phenol derevathich is known to be a mild
reducing agent. For thieason,5BrSA capability to reduce Alil) to Au (I) Bs been studiedA
solution of CTAB,5BrSA and HAwWiGlthe same concentrations as the growth solutitias been
monitored during the time by UVISNIR spectroscopy. The same wasel to CTABascorbicacid

and HAu{ solution, for comparing the two restd and hence the two reducing powerThe
addition of the ascorbic acid in the growth solution changes the colour of the solution in about 30
seconds (30°C, under mixingp in order to better compare the two reducing agents both the
studies were carriedut at room temperature and without mixing.

In both systemshte peak at 396nm was monitored during the time, andas found togradually
decreaseas reported inFigure24. Thereforethe reduction of Au (llipccurs in both systes)even
thoughat different rate, StbBrSA is proved to be capable of reducindIAphut it takes longer time
than the ascorbic acid. Indeeduring GNRSs synthesdii®e growth solution remains coloured until
the addition of ascorbic acid.

In the case b5BrSA slution the peak at 310nm, previously attributed to the aromatic additive,
decreases during the time due to its action as reducing agent.

In the spectrumof the ascorbic acid solutigiit can be seen thatluring the timealso the peak at
258 nm dsappers, so it is attributable to A4 too (ascorbic acid shows a peak at 246nm)

In order to understand the influence of theducing power of thexdditive, a growth solution was
prepared without the addition of the aschic acid. Even though it w&spt in the same conditions
as the normal growth solution, after an initial disappearance of gbkution color (it occurredin
about 30 minutes) that proved the reductiaf the gold precursqtthe solution remained colorless
hence GNRSsdInot form. Ths means thateven if the aromatic additive is capable Ad (111)
reduction, the presence dhe ascorbic acid ianyway fundamentafor obtaining Ad.

Thethree oxidation stateso f gol d i nvol ved arereldated bytheSdl&nvsg ’ Sy
equiibrium:

3AUR AUPT+2AL

Depending a the relative stability of each specie in the mixture, the equilibrium can be pushed
toward comproportionationor disproportionaton. Indeed, Au (Iwhich ispresent in the growth
solution as complex [AuBr, tendto stronglydisproportionatein water, howeverelevate halide
excess can stabilize(i€otton and Wilkinson 1983ndeed, inthe growth solution Au(l) is the most
stable specie, it means th&NRSs (AQ) are oxidizedin presence of Au(lll). The role of the weak
reducing agent in the seed mediated growth is to avoid the presence of Au(lll) in solution without
permitting secondary nucleation (reduction of Au(l) to®fhave to occur only on the seed
surfacefScarabelli et al. 2015)

As regard ashe mechanism of gold reduction into the seed surface two mechanisms have been
proposed
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1) Thedisproportionation reactioncatalysed by the seedproduces Au(0) and AW}, the
latter one immediately being reduced again into Au(l) the remaining reductantKumar,
Gandhi, and Kumar 2007)

2) The Au(0) surface drains electrofiem the reductant and catalyses the in situ reduction of
Au(l)(RodrigueZernandez et al. 2006)

All these equilibriumsand mechanismgould be influencel by the presence ofdditives with
reducingproperties,evenif weak. Tis demonstratsthat 5BrSA could influence the growsystem
beyondthe effecton the CTABstructure.

In this scenaripthe ligand exchange and th&uBr-CTA complexformation must be considered
since they shift the redox potentia{foward lower valieg (Scarabelli et al. 2015 hese variations
will influence thekinetic of the growth soafter the step of gold precursor addition in theogvth
solution, it isimportant to ensure that the ligand exchange has been completed before congnu
the synthesis
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Figure24time evolution of UWIS spectraf CTAB+HAw@nNd 5BrSA solution on the top, CTAB+H/sund ascorbic acid solution
the bottom. On the left is reported the time evolution of intensity of the peak at 396 nm
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3.2 Organidayer on GNRSs surfactee role of 5BrSA

It is reported in literature thabBrSAs likely to be involved ithe interactions between CTAB and
the GNRSsand thiswould influencethe size and the shape of tlabtained particles Toverify the
existence of this interactionFTIR spectrum of theynthesizedGNRSs was obtained in order to
determine if the aromatic dditive is part of the organic layer around the pelesor if only CTAB is
present

To determine the composition of the organic layer on the sudade¢he particles, iis important to
remove theresidues of thessubstanceghat remainin the solutionafter the quenching. For this
reason, the sample halseen purified as reported bySu, Yang, and Zhu 2016NRSsqueous
solution (6ml), obtained after the quenching of the growth solution @Sa addition and
centrifugation processyvas centrifugedor 15minutesat 12000 rcf, then theellet was redispesed
in Milli-Q and centrifuged agaiim the same way. Henceoprsidering the quenchingrocess the
sample was washelly centrifugation procesthree timesin total.

TheobtainedGNRSpellets at the endof the washing procedureeredried at 50°C for 1h and then
mixed with KBr and presseda ta pellet. The obtainedrTIRspectrum isreported in Figure 25
altogether with CTAB and 5BrSA specitained from a KBr pellet too
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Figure25 FTIR spectra of purified GNRSs (black Imee 5BrSA (red line), pure CTAB (blue line). Spectrur
GNRSs in the fingerprint region is enlarged on the right

Peaks identified with the blue area can be attributed both to CTAB and $B:verin the region
between 1050 and 1350 ctwhich isidentified with the yellow area and enlarged in the picture

on the right inFigure25, CTAB speaim does nd present any absorptiosso the bands in the GNRSs
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spectrum are due to 5BrSAlndeed, thisis thes o cal |l ed “ f itmgemgrs i nt
contributions from inplane GH bending, € stretching of the hydroxyl group and vibrations of the
benzene ring.

Since a mix of vibrational modes is present in this region, for aromatic compounds a clear
interpretation of these FTIR peaks remains challenging. However, the presence of the peaks in the
yellow area in the spectrum of GNRSs suggests tlnmbatic additive is present in the organic layer

on the surface of the particles

Further evidenceof 5BrSA presence on the GNRSs susfasme from UWISNIR spectra.
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Figure26 UV-VISNIR spectrand SEM imgesof (a)carefully purified GNRSs samglige the sample used for FTIR measure), (b)
sample washedn total only two times In the enlargment of the SEM image of the samplé¢hle layer around the particles is
highlighted

In
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Figure2s UV-VISNIR spectra and SEM images are reported for two sasmiplat have been
differently purified. Indeed, sample bas been subjected ttwo washing cyclg instead of three
Both the spectra present the peak at 310 nm which isitated to 5SBSA, butit showsdifferent
intensities Sample b, differently from sampleia, SEM imagshows a visible organic layer around
the particlesandfrom UMVISNIR spectrum it can be determined that the lagentains aelatively
high amount of6BrSA. However, evahsample adoes notpresenta visible organic layeround
the particles in SEM image anywayshowsthe peak of 5BrSAeven if less intense.

Hence, from FTIR, WISNIR and SEM results, it is possible to confirm the preserte @iromatic
additive in the surface of GNRSs which decreases with the increasing of the particle purification.
However also for particles with a high degree of purification 5BrSA is present, indeed suggesting
that it may be strongly embedded within the 88 capping layer of GNRSSs; for this reason, even the
highly purified samples continue to maintain 5BrSA onto the particle surface. This result suggests
that some kinds of interactions take place between the additive and the surfactant, this is in line
with the proposed model that suggest the penetration of the additive aromatic ring into CTAB
hydrophobic alkyl chaifive et al. 2012)

3.3Influence of the quenching steptime obtained GNRs

Quenching othe growth solution can ocur by simple centrifugation and redispersi(@R)or by

the addition of sodium sulphide (X&) withan optimizedsulphurto metal ratio of 41 followed by
CR(zweifel and Wi 2005) In this work, to evaluate different aspects of GNRSs growth, aliquots
were sampled from growth solutions and treated in the same way as the whole volume of growth
solution. In order to understand the sensitivity of GNRSs to centrifugation aoes addition of
sodium sulphide and also the reproducibility of sampling, the reported following steps were carried
on.

3.3.1 Studies osampling step
Reproducibility ofthe aliquots wa investigated byJ\-VISNIR spectroscopyrhewhole quenching
processas already said;onsiss of:

1) NaSadditionwith ratio S/IM=4 (Q)

2) centrifugatiorfor 30 minutesat 12,000 rcf and redispsion inavolume of Mili-Qwater equal to
the volume of thesampledaliquot.

Threealiquots (identified as 1,2,3f 1 m eachweretaken from the same solutioat the same time
(sample3_R 2d, see paragraph 3)8they were all equally Q and GRFigure27 the spectra of the
three samplesare reported, while ifTable2 are reportedthe evaluated parameters€Even though
some differences are preseaimongthe samples, RSD% for each parame&mnainsacceptable
Asregards to Asoo, this absorption value increases with increasing the number of Au® atoms in the
soluiion, namely withincreasingSNRSs concentration.

Since the three aliquots eve centrifugel in the same way, thdifference in the evaluated
parametersamong the aliquotscould be due to thesubsequenstep of pellet purification. Indeed,
after the centrfuge, GNRSs separation from the supernatant may be responsiblepf/alues
dispersiorsinceGNRSs pellets terghsilyto return in the supernatant, so it is necessary to carefully
remove the liquid using &asteur pipette but during this processraundeterminablefraction of
GNRSs could be lost
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Table2, maximum peak positions of LSPR and TRSP, intensity of absorption of the_l6S®Ruaitio L/T, half width at half ar
maximum,absorption at 400 nm (#) values and theirstandard deviationsconfidence interval&nd relative standard deviatio
for the three aliquots of the sample 3_R. 2d

sample| LSPR(nm TSPR(nm A400| | LSPR| | TSPR L/T HWHM
n° nm low
1 1019 515 0.40 1.16 0.40 2.90 117
2 1020 515 0.38 1.13 0.37 3.08 118
3 1016 514 0.37 1.09 0.36 3.02 116
o RSD% | 4 (95%
LSPR 32 0.2 5
TSPR 0.6 0.1 1
A 400 nm 0.02 4.6 0.04
| LSPR 0.03 3.0 0.09
| TSPR 0.02 1.9 0.05
L/T 0.09 3.0 0.2
HMHM low 1.00 0.9 2

0.6 4

0.4+

0.24

0.0

T T T T T T 1
400 500 600 700 800 900 1000 1100

»(nm)
Figure27 UV-VISNIR spectra of three aliquo@ and CRakenfrom 5.5mM2 1809 2dgrowth solution

In order to establish if the Q and CR procassthe main sourcef errors three aliquots have been
sampled at the same moment from the same growth solution and measured without any treatments
(except for dilution 1:2 that was necessary for the measuis)it can be seen fronTable3,it is
proved that Q and CR process is the main source of value dispersion.

Table3 maximum peak positions of LSPR and Makies and their standard deviations, confidence intervals and relative standard
deviations

n° LSPR(nm TSPR(nm o 5 ( 9|RSD%
1 834 515 TSPR 0.6 1 0.2
2 833 514 LSPR 0.6 1 0.2
3 834 514
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Figure28 UV-VISNIR spectra of three aliquataken from4_W_7d growth solution aliquots were diluted 1:2

3.3.2Effects of Q and CR process

In order to determine Q and CR effects on GNRSSs, during the growth of 4 W sample (see paragraph
3.4), aliquots were taken at different growing time (t=0 corresponds to the moment of seed addition

in the growth solution). Two aliquots were samgbimultaneusly4,5,6,7 days after seed addition,

and every time one aliguot waguenched by the addition oN&S and centrifuged as already
reported Q/CR, while the other was directly measured by WWSNIR spectroscopwithout being
subjected to any treatmentssémple) In this study we focus on the differences between peak
positions ofSPR ofhe two set of aliquots.

Table4 positiors of <naxof both LSPR and SPR for aliquots/ QR and untreatedcélledsample)

4 W Q&CR sample

t (day) | LSPR(nmM TSPR(nm LSPR(nn TSPR(nm
7 844 515 834 515
6 853 514 843 514
5 865 514 851 514
4 878 515 870 512

880
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860 - }
850 x }
¢

840 4

o —e—

830 »
516 }
514

512 4

ANY

SPR (nm)

ma

X
——
—e—

I . 1 B 1 T I s | 1

40 4.5 5.0 5.5 6.0 6.5 7.0
t (days)
Figure29time evolutionof TSPR and LS@Rboth untreated aliquotgsample) and QCR aliquots, the errors bi
are taken from the previous studies on reproducibility
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Figure30: normalized spectra of aliquots taken from 4_W during theetiand diluted 1:2. More bright lines refer to untree
aliquots. Enlargementof the grey area in the spectra is reported on the right

As it can be seen from the above resultsCQprocesdetermine a red shift of LSRRRak(about 10
nm) that seems not to be dependent dtime aging time considered, while TSpéakdoesnot show
a significative changén order to determine which step of th&/ CRprocessis responsible of the
shift, two growth soluions @ B and 5 B see paragraph J3were usedfor further studies The

aliguots weresampledat the same aging time, namely 2d after seed additeord they were treated
asfollows:

- Sampleuntreated aliquotsthey weretaken and measured

- CR: aliguotsveretaken, centrifuged, redisggrsed, and then measured

-  Q/CR: aliquotsvere taken, quenched with N& (S/M=4), centrifuged, redisfgad, and
then measured

- Q: aliquots were taken, quenched with p&a(S/M=4) and measured

Peaks positions (both LSPRIa SPR) are reported Tiableb, while spectra and peak posiins
trends are reported inFigure31.
Tables5LIlZaAdAzya 2F <YIE 2F 620K [{tw YR ¢{tw TF-dishelséd(@REg2(Ga 2Vy

untreated (sample) and only centrifugeedipersed(CR)kLSPR refers tbe difference between the value 9faxof Q aliquotsand
<maxOf other aliquots

5B 4 B
aliquot |[LSPR (nm] TSPR (nm]A L §LSPR (nm) TSPR (nmA L §
Q 947 512 - 899 514| -
Q/CR 943 517 4 896 519 3
sample 934 516 13 883 514 16
CR 932 516 15 880 519 19
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From the above datd can be seen thahe value olLSPReak positiorfor Q aliquotds the highest
henceNaS addition is theesponsibldor the red shift NS whichservesasa scavenger for mial
ions (gold and silveryauses aed shift probablydue to itsabsorptioninto GNRSs surfaseindeed
anisotropic nanoparticles, such as nanorods, are really sensitiibetachanges in their local
environment (plasmon resonance is strongly related to thelectric constant of the medium)
(Zweifel and Wei 2005CR aliquots have the lowest value X%fax LSPR, even lower than the
untreated aliquots (sample) that are likewise JSdree, so the centrifugtion processmay be
responsible of a weak blue shift ofdl.SPR maximum. Moreover, between Q aid€R aliquots,
the latter showsa slightly smaller \ae of Amax LSPR that can balso in this caselue to
centrifugation too.

Considering thatt_B and 5B have different Rneanvalues, respectively R=4.7+0.3 and R=5.6+0.2
comparing thepreviously reported results for thessvo samplesthey do not show sigificative
differences moreoverthe differencesin the LSPR maximum position betweefCR aliquots and
the untreated aliquots are comparable to what has been determined befilmréhe sample 4 W
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namelythe shift isaround 10nm. These results suggest th® and CR process do mdifferently
affect GNRSs with different aspect ratio.

In order to determine if slightly different S/M ratios can causggaificantchange in the position of
LSPR, different ratid/M were usedor the quenching of samplg R(see paragraph 3.8)

Three aliquots of 1ml eadlpAg+Au]=0.65mMyvere quenched with 2ml of N& 0.65mMQ.97mM,
1.30mM, 2.05mM so respectively corresponding to a ratio S/M equald 2nd 6.

Table6LJ2 & A (A 2y & RUIBPRNY TIPR drialiqbogpienched wittNa,Ssolutions corresponding to S/M ratios of 2,4 and
6.

M/S | TSPR (nn LSPR (nm
2 512 1015
3 513 1017
4 514 1018
6 516 1023

1030 - = TSPR
]| # LSPR

max SPR(nmM
\\

5154 %

T
poob
510 T T T T T T T T T
2 3 4 5 6
S/M

Figure32LJ2 & A (i An2of Both BSPR and TSPR for S/M ratios of 2,3,4 and 6. The err
are taken from the previous studies on reproducibility

As it can beseen from the above datdaS induces a concentration dependestiift of plasmon
resonance toward longer wavelengths. In this caseeng only the S/M ratio is changedlso the
TSPR showastrendin line with the oneof LSPRhence different ratids/M shiftsboth the resonance
peaks. For the valus of LSPR a lineart f(R =0.989) gives an intercept value of 1010nm,
corresponding to a difference ofrin between S/M=4 and S/M=0 and this is in line with the previous
results.

Consideringhe uncertaintyfor the LSPR peak position valuaedifference of 2.5 in the M/S ratio
is required to determine a significative difference in the LBRRimum peak positiof5nm). This
means that sligth differences the S/M ratio (derived from theise of a commoriN&S solution for
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the quenching of growth solutions with different Aghf@ncentrations) must not be considered the
cause of LSPR shift.

3.4 Studies on GNRS®gth

For obtaining GNRSdgth LSPR peskn the NIR region, namely with lmgzalues of Ras already
said, 5BrSA can be used in addition to CTAB and thissatboreduce CTAB concentration the
growth solutionfrom 0.1M to 0.05M and to prevent the use of a binary micédlening surfactants
such as CTAB/BDAC (Benzyldimethylamaomchloride).For the synthesis with CTAB/BDAC as
surfactant system, the growth was studied during the time and it was determined that two growth
phases are present. The first one finislad®ut one hour after the seed addition, while the second
one endsabout after one week and both of them determine a red shift of the LSPR of the obtained
GNRSgNikoobakht and Ebayed 2003}t is reported in literature that 5BrSA/CTAB system should
show the same behavior as CTAB/BDAC, so for obtaining GNRSs vathRhigilues, the time of
the growth has to be extended to one we@ke et al. 2012However for this surfactant systerthe
effect of thisprolongedgrowth is notreported.

For studying GNRSs grow#volution during one-week GNRSsynthesiswere performed as
reported in the experimental section and growth solutions were kept at 30°C for 8 days after the
seed addition. Aliquots (of 1ml each) wesampledat different time during thegrowth, then
guenched and centrifuged as refied in the experimental section, the obtained solutions were
measured by UWISNIR spectroscopy and TEM.

The appearance of the color in the growth solutions occurs about 1.5/2 hours after the seed
addition, in some cases it was possible to distingaigiale red/pink shadows about after 1/1.5h.
However, aliquots sampled in these early moments appear pale and in the majority of the cases,
after the centrifugation annsignificant number of pellets obtained. For this reason, for most of

the samples, dta are available from 1day after seed addition.

Each sampl obtained at different time during the growth consists of a single aligideed
multiple aliquots were not sampleth order to keep thegrowth solution undisturbed as much as
possible and in @ler to determine a smaller variatiom the growth solution volumeFor this
reason, he uncertaintes of the reported data are taken from what has been determined in the
studies on sampling step.

Four samples werstudiedduring 8 days of growti4 W,4 W1,4.18 W2, 4.18 W3as it can be
seen from UWISNIR spectraeported inFigure33. During thegrowth the LSPRyradually shifto
shorter wavelengthTSPR is around 520nm but it does not show a clear shift trend during the
growth, anyway any further discussion will be focused on LSPR since this peak is the most sensitive
to the shape of GNRSs, so it is the most suitable parameter to evaluate the occurrence of
modifications in the particled.ooking atFigure34, whereAmaxof LSPR is reported as a function of
the time, it can be said that, even if small shifts occur within about 3 dtigs the seed addition
they are negligible, while after that periodhax0f LSPR decreaséaster. Samplet.18_W2and
4.18_WB were synthetized with a slighyt higher concentration of AgNQindeedstock solution
concentration wagl.18mM instead of 4mMConsidering the high sensitivity of tlaspect ratio of
the obtained GNRSs AgNQ concentrationin the growth solution(see bllowing paragraph) this
little increase of silver ions can be responsible of the higher valdg.06f LSPRThe sligHt higher
silver ions concentration could lasoresponsibldor the differencein the value oALSPRalculated
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between1d and 8dvalues ofAmax0f LSPRobtained from thefitted curves) which is about 55 nm
for 4 W and 4_W1 ( respectively 58 and 52) and about 80nm forl8.W2 and 418 W3
(respectively 84 and 76nm).

0.20 4
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0.10

0.05 4

0.00 . ; . T . T " T T T T T T
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Figure33 U\-VISNIR spectra of aliquots taken at different time during grawthW aliquots are diluted 1:2

Inthe case of silver assistgglowth of GNRS4t is reportedthat two different and oppositgphases
couldcharacterize LSPR shift during the growviithe firstone consists in a fast red shittat create

an anisotropic structurethe secondone consistsin a slow blue shiftue to isotropic growth or
reshaping of GNR$ESu, Yang, ahzhu 2015; Scarabelli, Grzelczak, andlazzan 2013)This means

that seed particles initially achieve their largest aspect raiod as growth continugthe aspect
ratio decreass (Park et al. 2014)n the case of 4.18mM_2905 the 2h aliquot was obtained (it was
possible to separate the pellets from the supernatant after the centrifugation) and its spectrum
shows oty the TSPR peak, while at higher wavelergtht even a peak tail is visible, so the presence
of LSPR peak may be excludédnsidering that 4h aliquots for bothl8_W2and 418 W3present

the LSPR peak, a red shift phase could occur between 2h andeth isi thisrange time an
anisotropic structure is formed. The timing of the appearance of the color and the possible red shift
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phase suggestlaw grow rate thatis a positive factor in GNRSs synthesin ifit istime consuming
(Su, Yang, and Zhu 2015)

During thereaction the absorptiompeakintensities constantly increase, this means that the growth
of the GNRSs contingéor the whole time. This is confirmed also by the increasing in the absorption
at 400nm that is show in Figure 34, which is determined by the increase in metallic gold
concentration in the growth solution. Probably early aliquots hpadicles too smalto obtain a
significantnumberof pellets in the centrifuge (as it can be seen frogsMalues correspondert to

2h and 4h aliquots)for this reason it was not possible to obtain theimdeed, the same problem
has been highlighted by Park et al., they sustain that in the early stage of the gtawthard to
properlystop the reaction andlo separate the partles from the growth mediurdue to thar small
dimensiongPark et al. 2013they usel strongly binding polymeric ligands to stop the growth and
allow a phase transfer of the particles in toluene, namely a nongrowth mediysni.can be seen

in Figure34, a linear trend can be attributed to the increasing afoAluring the time if we excluded
the value corresponidg to 2h aliquot in 4.18W3 growth. In that early stage the rate of gold
reduction may be faster sindde anisotropic structure of GNRS is forming, indeed as reported in
section 1.4.4at the beginning othe growth both tips and lateral facets directions are allowed to
grow even if with different rate, while in a second phase gnewth rate of lateral facets decrease
importantly.

All the Asoodata reported correspond to aliquots, inde@NRSsolutions obtained from the QCR
process of the total growth solutio{ day), present lowerovalue than the one of same sample
aliquots This igprobably due to a lowecentrifugationefficiencycaused by theénigher volume of
sample treatel. For this reason, in the case4fl8 W2 and4.18 W3 an aliquot wasampledthe
8th dayjust beforethe quenching of the entire solution.

Table7 values of absorbance at 400nm for the aliquaampledirom the growth solutions at differergrowth time

Aao0

t(day)| 4 W1 | 418 W2 | 418 W3 | 4 W
2h 0.028
4h 0.194 0.104
1d 0.119 0.149 0.027
2d 0.148 0.240 0.156
3d 0.287 0.190
4d 0.298 0.086
5d 0.223 0.132
6d 0.242 0.165
7d 0.264 0.299 0.214
8d 0.446 0.342 0.201
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Table8 valuesof <naxof LSPRor the aliquots taken from the growth solutions at differgmowth time

AmaxLSPR
t (day) 4 W1 [4.18 W2[4.18 W3] 4 W
4h 946 958
1d | 848 952 | 897
2d | 856 | 938 955
3d 943 953
4d 932 881
5d | 840 865
6d | 828 853
7d | 812 887 | 844
8d | 800 | 856 882 | 837

960

—a—

~—~ 900 -

LSPR I (nm

840

t (days) t (day)

Figure34 value ofAmaxof LSPRt different growth time for all the four measured samples on the right, value of absorptid0am
during the growth time for all the samples studied on the left

As reported insection 1.5 the ratio L/T can be used to estimate the amount of shape impurities,
however, as reported isection1.3.5, it is known that the relative intensitgitio of the longitudinal

to the transverse mode increases with increasing aspect ratio, namely with red shifted LSPR peaks.
L/T ratio was determined for the aliquots corresponding at differgrawth times for the sample

4 W,4 Wland 4.18 W2 (the case ©4.18 W3 will be discussed later), the data are reported in
Table9 and Figure35. Different samples show comparable values of L/T ratitich is around..5.

During the growth, a significative variation ineti./T values are not present for the considered
samples, it means that the fraction of shape impurities does not increase during the time for sure,
or rather, since the ratio should decrease due to the LSPR blue shift, it is possible that some isotropic
particles may evolve to anisotropic structures during the time.
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Table9 values ofL/T for the aliquots taken from the growth solutions at different time

LT
t (day)|4 W[4 wi[418 W2
0.16 2.0
1] 17 1.2
2 1.5 2.0
3 1.9
4| 1.7 1.8
5/ 1.6 1.3
6| 1.4 1.3
7 17 13
8| 1.8 1.2 1.6

LT
>

I 4_W1

9y T T % J4.18_w2
1.5 J_
4h 2d 3td 4d :4_83\,
2.04 '|‘ '|‘ .|, 'l'
] [ I I I I L
i
§ 10

0.5

0.0

T
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T
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T
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T
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T
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Figure35values ofL/Tfor the aliquots taken from the growth solutions at different tirr

The full width at half maximum (FWHM) and the shape of the LSPR band, as already said, are
excellent index of size dispersion and aggregationt an be seen from the spectra,RfS peaks

are asymmetric, for this reason half width at half maximum for each side of the peaks (HWHM low
and HWHM high) have been determined separately as reportddgare36. Unfortunately, only

for the sample4_W1was possible taneasure theboth the widths at half maximum. A it can be

seen fromFigure36 HWHM low showa common general trend for all the samples, until tfeday

it seems to slightlyncrease then it rapidlydecreasesAs regard as HWHMhigh and FWHM of

4 W1, an initial rapidincrease within the 8 dayis followed by a rapid decrease.
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Since all the aliquots werteeated in the same way, evehin absence of zeta potential dathat
can be a good marker for GNRSs stalfitignson et al. 2017)t can be assumed that the variation
of the width of the LSPR peaks due to changes irthe GNRSs size distributionstead of
aggregation

The observed trend is in |ine wighaf()manmlythchas b
presence of two phases in the growth of GNRSs with the 3th day as a lbh&fderen them Both

the decreases of HWHMs and FWHM suggest that the size distribution becamewer after the

39 day, indeed considering a single particle the blue shift of LSPR (due to a decrease of R) should
increase the FWHNEustis and Ebayed 2006a), given that our case the blue shift is accompanied
bythe reduction of FWHM valudafter the 39 day) it means that the monodispersitgéreasesor

sure. However, HWHM high remains bigger than HWHM low andrnbans thatGNRSs tend to
remain moredispersed oward bigger values of R dag the wholetime of the growth Moreover,

after the 39 day the decrease of HWHM high allewo return substantiallyto the value
correspondngto the 15tday, while the decrease of HWHM low generates a significative decrement
respect to the value ofslday. This means that the population of GNRSs with galfi&smaller

than the mean value is the one that hsignificantly decreased from the beginning of the growth

Tablel0value of HWHM and FWHMrfthe aliquots of the considered samples.

HWHM low HWHMhigh | FWHM
t(day) | 4 W [4.18 W2| 4 w1 4 W1

0.16 130
1 130 110 140 140
2 136 | 110 204 340
3 141
4 123 | 133
5 108 114 220 141
6 95 106 210 133
7 94 96 172 220
8 99 81 146 210
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Figure36in the upper side 4mM_0905 aliquots values of FWHM on the left and HWHM high on the right. In the bottom HWHM low
during the time for aliquots of 4.18V2 4 W1, 4 Wsamples on the left (in this case wasgible to consider the error from paragraph

3.3.1), on the right is reported an example of values determination.

These results are confirmed by TEM measwat; distributions of length, dianter and R for some
aliquots of4_W1land 4.18 W2are reported inFigure40 and Figure4l. It can be seen that in both
samplesR distributions have longer tails toward higher values and during the timwatlséoward

shorter values tend to reduce, likewise HWHM low

A clear shiftin the R distribution toward smaller valuesnist present,howeverthe blue shift could

be due to surfacereconstruction Indeed,atomic defects on surfaces of GNRSs determine facets
instability, for this reasongold atomson the surfaces of GNRSend to reconstruct the unstable
facets,and consequentiythe size of the particles changes slightly, which causes a LSPR blue shift

(Su, Yang, and Zhu 2015)

From TEMdistributions it can be seen thahe volume of the particle change during the growth
since both dand | increaseConsidering theontinuous increasé the Agovalueand in the peak
intensities the reduction ofgold ionscontinuesand, since no additional nucleation is possible in the
seedmediated growth, itdetermines an increase in the size oNRSsFor this reasont is more
reasonable taconsider that small GNRSs grand become bigger particlesstead ofconsidering
their dissolution and inclusion in tredready formedigger GNRSH should be considered that for
non-sphericalparticle suface area along different growth directiens different, so even if the
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growth rates on various surfasés comparable, a nespherical evolution will occur anywdark
et al. 2013)

From the mean values of length and diameter the mean value of volume was calculated as reported
by Eustis and Ebayed2006:

. T, Q
W - - a
0 (
Tablell mean value of volume
4 W1 4.18 W2
t(day) |V(hn®)|dV |V(nd) |3V
0.16 2351 864
1 4515 510
2 4515 510 4264 411
4 4236 235
8 7169 | 1068 5119 549
Tablel2 mean value of length ahdiameter
4 W1 4.18 W2
t (day) | counts| | (nm)| & | (d(mm);dd (|counts||(nm)|d I (dmm)|dd (
0.16 123 30 2 8.6 0.3
1 65 43 3 10.0 0.5
2 181 38 3 10.0 0.3 176 45 2 9.5 0.4
4 296 47 2 9.3 0.2
8 77 51 3 11.6 0.8 114 48 2 101 0.5
" 4W1
— e 418 W2
8000—-
7000-
6000—-
"’E 5000 -
E i
> 4000 { i )
3000—-
2000—-
1000- T T T T T
0 2 4 6 8

Hgure37 mean value of volume as a function of the aging time
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As it can be seen iRigure38 and Figure39, the longer are the GNRSs the thinner they are, this is
due to themechanism of seeding synthesis. Indeed, in this syntllesigo its kinetic proceSSNRSs
tend to maintain similar volume even if they show different aspect matldence, considering the
reduction of a certain amount of gold, this amount is quite equdiktributedamong theparticles

in the solution, so longer nanorods show narrower diame({énsstis and Ebayed 2006a)

Figure38 TEM images of 1d, 2d, 8d aliquots ofM2sample

8d

7 ~ \\ Q ,, 1

=

: / ’ : e \ : -‘-'

Figure39 TEMimages of 4h,2d,d} 8d diquots of 418_W2sample
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These results can be in line with theodel of GNRSs growtpresented by Park et al’hey studied
the growth of GNRSs for thveell-definedprotocol proposed byNikoobakht and Ebayed in 2003t
is analogougo the one used in this work but somefférences are presenflhe growth solution
differs for the concentrations of the reagenteported inTable13)and for the surfactant system
that consists of only CTABhe seed solution is prepared in the same baythe aging tme before
its addition to the growth solution is differer(6 minutes instead of 30 minutesJhe obtained
GNRSare characterized bygmaller aspect rativand theLSPReals lie between 806700nm(Park
et al. 2013)

Tablel3 seed solution and growth solution used by Park et al. in the GNRSs synthesis, the vohsnie ttefevolume (V) of stock

solution added, the concentration ([C]) refers to the final obtained concentration of the chentlimaseedolution and in the growth
solution.

seed vV (ml) [[C] mM growth [V (ml) [[C] mM

NaBH4 0.6 0.6 HAuCl4 0.5 0.5

HAuCA 0.025 0.2 AgNO3 0.08 0.1

CTAB 10 94.1 CTAB 100 98.8
AA 0.55 0.5
seed 0.1

Park et al. dived the GNRSs growth in five differentséspeported inTable14

Tablel4 stepsinvolved in thegrowth of GNRSs determined by Park et al.

N° Kind of Time (after description
process seed
addition)
I Rapid 0-2min Isotropic growth of the seed particles until a final diameter
isotropic about 6nm (they remain spherical nanoparticles)
growth
Il Rapid 2-5 min Growth in one direction, retaining the diameter of tf
anisotropic spherical particle. Large distribution of GNRSs length
growth
[l | Non uniform 5-20 min | the length growth decreases, while the diameter grov
rod growth increases. At the rod endsé growth is faster and dumbbe
shaped particles are obtained. 10 minutes after the s
addition LSPR reaches the maximum red shift, the le
distribution becomes narrow, while the dispersion of t
diameter increases.
\Y Facets 20-45 min | Side facets reconstruction occurs along with a decrease ir
reconstruction overall growth
\ relaxation | 45minlweek| Evolution toward a thermodynamically stable sha
minuscule decrease in the length and a progressive increa
the diameter, the growth rate is significant.

Considering that a spherical particle of 6nm shows SPR, the gisedioredwhenit containsthese

particles,soin our solution this sizés reached later (about 2h instead of 2 minutes!). This means
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that in our growth system the kinetiaf the process is definitely slower, hence it is reasonable
consider that albf thesesteps can occuater, and the first step couldontinueuntil about 2h after

the seed addition, namely in concomitance with the color appearance. Considering the hig
difficulty to obtain particles in the first step (as already discussed), and the graph of LSPR as a
function of the time reported ifFigure42, it is reasonable to consider that in the time raregaong

1d-3d after the seed addition, our systeoouldbe between phasell and phasdll. Indeedeven if
dumbbell shapd particleswere not observed (neither in the case of the 4h aliquot of the sample
4.18mM_0528) the following evidencedetermined in our systerseem to e in accordancevith

Park et al 'medet

- The FWHMuntil the 3"9dayincreasesandthen it decreasesmoreover fromFigure40and
Figure4lit can be seen that the diameter distributions seem to become wideite the
length distributonsto become narrower Thisis in line with the model that describes an
initial increase in the length distribution (phase Il) followed by its decrease along with an
increase in the diameter distributions (phase Ill).

- The diameer and the length increase along with the absorption values at 4QGminich is
in line with the model thatconsides that the growth continuesntil the last phase

- In Figure42 the maximumwavelength valueof LSPRs reached afte 10 minutes so
considering the slower kinetic determined in our systams reasonableto consider that
the maximum ould consist with the value obtained at 1#1oreover,the following time
range in which LSPR seems to be constahtgare42, in our systentancorrespondo the
stability of LSPR determined in the fiBstlays after seed addition.

It is reasonable to consider that our systenthe phaselV occurs after the third day, and probably
we neverhavereached the phseV since the absorbance at 400 nm continues to incredsgng

all the growth time considered
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Figure42 LSPR f(t) and extinction value3®0nm during the time for the synthesis of GNRSs of Park et al. (taken from (Pe

2013)).
The delay in the firgphasecan be due to thelependence of thenitial growth rateto the size and
crystallographic facets of the added seed particlaad to the kinetic of mineralization and
surfactants absorption on the various facé@arket al. 2013)Indeed, it is reported that CTAB below
its critical first micelle concentratiof®.008M) takes 11h to reach the equilibrium absorption on gold
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surface, while aboveriticalmicelle concentration the equilibrium is faster sincesigiven bynicelle
absorption instead of molecule absorption. In our caseen ifCTAB concentratiois above the first
micelle concentration its halfasthe oneused byParket al.in their synthesis, moreover 5BrSA is
proved to insert ito the CTAB structusson GNRSsurfaceqseesection 3.2. Thusijt is reasonable
to consider that CTA&bsorption equilibriunon the growingAu surface could require longer time
in our systemPark et al. determined that the morphological evolution of GNRRBisig thegrowth
is closely related to théme scale of the formation of a dense CTAB bilayer on the Au ssidaee
to the coalescence of absorbed CTAB micelesice thedifferent kineticof CTAB absorptictaken
into account forour system ould be responsible of thabsence of the dumbbell shagearticles
Moreover, it can explain also the contiimggrowth of particlesthat occusin our systemsincethe
formation of adense CTAB bilayerthe cause of the slowdown in thate of thegoldion reduction
on GNRSsufaces.

Eventhoughthe mechanismof Park et alexplairs the whole growth proceswithout considering
any influence of AgNDwhich is indeedhvolved,it seems to beanywayin line with whathas been
determined in our systemMoreover, the slower kinét that has to be considered for our system,
on the basis ofthe assumptions oPark et al.can explairthe differences determined between the
model and our systentor this reason, evendther factors could be the causes of thiewgrowth,
e.g.lowerascorbic acid concentratioit,is reasonable to considas main causthe different kinetic
of CTAB bilayer formatioginceit allows toexplain also the other differences.

3.5The importance of the qualityf the reducing agent in the seed preparation

It is widely reported in literature that GNRSs synthesis strongly dependbeoguality of the
reagentse.g. the change of thETAB supplier can lead to a completely different pro@dctHuang,
Neretina, and EGayed 2009; S. Lee et al. 2011; Zweifdl\&fei 2005; Scarabelli et al. 2015) this
work the freshness ofaglium borohydridevas found to be a determinant factor for the quality and
the growth of the GNRSs.

A high quality seed solutior(seed particles should be monodisperse and show the same
crystallographic habitls necessary faobtaininghigh quality GNRSA. fast addition of an excess of

a strong reducing agent under vigorous stirring is reqlteeobtain a good quality seed particles
(Scarabelli et al. 2015%50diumborohydrideis used in the seed solution preparation, is@uble in
water, but it reacts with wateand hydrogen gas fermed as a reaabn by-product:

NaBHs)+ 4H0n A NaB(OHj)@agr+ 4 (g)

Sodiumborohydridehas to be prepared with ice cold waterorder to slondownthis reaction(that
occurs fast at room temperaturegnd allow the reduction of the gold ions instead of water.

Moreover, NaBklis hygrscopic and can react also with the water contained in the air, therefore it
is important to weight it fast and stored it in a proper way.

Whenthe quality of the reagent is compromised, it has been found that the time spent on NaBH
addition become a crual factor for the success of the GNRSs synthesis. This has been proved by
the simultaneous preparation of two seed and two growth solutions. The two syeshdiffer only
in the timing of NaBkaddition (same NaB#stock solution for both the sampleshydeed itoccurred
with a difference of 30 second¥he growth solutionvhich received the reducing agelatter, was
not able to develogGNRS# the growth solution, thatremained colorlessThis is known as loss of
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seed catalytic activitythat can be dugo abnormalsizeand structure of theobtained Au seed
nanoclustes (Park et al. 2013)

Moreover, even if the growth occuislarge fractionof shape impuritiess obtained along with
GNRSsvidely polydisperseThis is the case of the sample 4.¥83whose NaBk solution quality
was compromised, and even if GNRSs were obtained, it estiedow L/T ratio (high amount of
shape impurities) and a wide size dispersion that can be seendroomparison of distributios
reported in Figure44 and the shape of the UWISNIR spectra. This is probaldgused by low-
guality seed particles obtained due toNaBH degradation.

If the reagent is not replacedt some poinif the growth takes placanly gold NSs are obtained as
the case of the sample whose BA'SNIR spectra are reported Figure43. Besde the importance

of the fast NaBkstock solution preparation and addition, also the color of the seed solution is a
clear evidence of NaBlguality. Indeed seed solution color appeapaler and more yellowistf the
NaBH is compromised.

0.3
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T T T T T
400 600 800 1C
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Figure43 UV-VISNIR spectra of aliquots of NSs growth obtained due to a low qua
NaBH4 stock solution

All these fats provethe importance ofthe quality of the seed solution for obtaining GNRSs, and
how muchreagentsquality is crucial in this synthesis. Indeedis reported that to obtain
anisotropic structures seed particlesu&o be single crystal structuseotherwise only NSs or other
isotropic structure can be obtained (see paragraph 3.6). For gold particles in the size<10nm the
minimum free energy structure is multiple twinnedhis kind of structure isxpected to gnerate
twinned particles as en@roductsif used as nucleation points in a seed mediated growth. CTAB
presence in the seed solution should avoid the formation of twin struct(vé¢alsh, Barrow, and

Tong 2015)However|f the goldreduction is not efficientprobablya proper ewolution of the seed
particles is nopossibleand this may leadh the growth solutiorto the development ofisotropic
structure or loss of catalytic actiyit
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3.6 The role of AQN®

In order to better understand the role of silver ions in the GNRSs growth, three different solutions
were prepared. One growth solution was silver free witlile two other samples were prepared
with silver concentration as reported Fablel5.

As it can be seen froiRigure45, the spectum of no Agdoes not show LSPByt it showsonly a
band at 526nm whicimatches with SPR of Au NS&e absence dENRSs in the sample no_Ag is
confirmed by the TEM images reported in Figd6avhere it can be seen that the sample contains
spherical andnultiple twinned morphologies The obtained solution shows a characteristic pink
color and, as it can be seen frdfigure45, in the centrifugation process not all the particles were
collected,sincethe SPR band is also present in the spectra of the supernfta@®NRSs synthesis
is a good rule to keep and control the supernatant solution afiber centrifugation, in order to
evaluate the efficiency of the particlesollection that carbe different forparticleswith different
shapes and sizZe This means that theapplied purification protocolhelps to reduce shape
impurities.
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Tablel5 AgNQ concentrations in the stock solutions used for the synthesis of the samples reported on the left, respective effective
concentration in the growth solutiorend ratio of gold to silver concentration

[AgNQ] Mm
sample name| stock sol. | growth sol. | Au:Ag
noAg 0 0.000 -
04 L 0.4 0.012 41.67
0.55_L 0.55 0.016 30.30

——no Ag
1.0+ S
noAg_supernatant =—0.55 mM
— 0.4 mM

0.8
0.50

0.6
0.25

0.4

0.2 4

. . -
400 600 0.0 r . r . '
400 500 600 700 800

r(max})
aMnm)

Figure45 UV-VISNIR spectra of the sample no_Ag and its supernatant solution on the upper left and of the samples 0.55 L, 0.4
upper right. In the picture are reported 0.4_L and 0.55_L samples, respectively the violet and the blue woereithesalutios on the lef
are reported to compare these solution with the others obtained in this work. The two red solutions are GNRSs solbgtinedsyvitt
AgNQ stock solutions 4 and 5.5mM, their colour is only due to the TLSPRs, sinceeliBfiesNiIR region.

0.4 L and 0.55_L wemynthesizedwith a silver concentration in the growth solution an order of
magnitude smaller than the other samples considered inwuek. As it can be seen froRigure45

a silver concentratiom the growth solution equal td2 uM (sample0.4_Lyas able to determine
the presence of LSP&en if it ipresentlike a weak shoulder in the TBPand. In the case of 0.55_L
an increase of M has determined the formation of a clear LSPR band in th&%I3WIR spectra.

As it can beeen fromFigure46, the higher concentration of silver in the growth solution seems to
guaranteea better control in the diameter growth and to promote the formatiofionger nanorods
in accordance with what will be deribedin the followingsections

Looking athe R distributionof the sample 0.44_L iRigure46, it can be seen that the most of GNRSs
have R<2, while the sample 0.55_L showR&alistribution centered at R=2.

Hence we can concludghat in the absence of AgN{t is not possible to obtain anisotropic
structures from the growth of the seed particldsstead,Ad-ionsin the growth solution even ifin

a low concentrationdetermines the presence of the LSPR band in the spectrum of thenelbtai
particles and when R readsa meanvalue equal to 2, LSPR band appears clearly separated from
TSPR band.

60



Tablel6 mean value of diameter, length and R for the sample 0.55_L and 0.44_L
counts|d (nm) | d dnm)|I(nm)|d (nm)| R(hm) |d Bim)
04 L 148 15.3 0.7| 55.6 0.9 1.8 0.1
055 I 160 14.1 0.5| 73.7 0.6 2.0 0.1

0.40 - s S 0.30
. 0 4mM
0254 . 0 4mM

035+

0.30 4

18 20 22 24 26 28 30 32 34 36 38
| {nm) Id

mmossM |

0254
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010 0.104
005+ 0.05-4
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Figure46 distributions of diameter, length and R for the sample 0.55_L and 0.44_L

Figure47 SEM images of 0.44_L

61



- 04 pm

Figure49 TEM image of the sample NoAg
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These results are imke with whathas been determined in the studies of Walsh et mhmelythat
Ag'must be present in the growth solutido obtain anisotropic particlesrhis is different fronthe
opinion ofPark at al., with consideredCTAB interaction with the growirsgged particle facetghe
responsiblefor the growth of anisotropic structure@NValsh, Barrow, and Tong 2015; Park et al.
2013) As already said, at the beginning of the growth the seeds gg@®tropic, then a symmetry
breaking must occur to allow the further anisotropic growtalsh et al.determined that the
symmetry bre&ing occurs at particle diameter betweer64dm, but only single crystal structures
can undergo symmetry breaking, while any twinned or multiply twinrgiticles remain
approximately sphericalAs already discussed, under optimized conditions, seed |[gsfce single
crystal structure when added to the growth solution, but in the absence of, Algiring the initial
isotropic growth, seeds begin to incorporate an increasing number of twins and other defects
Instead if silver ions are presepgymmetry lveaking of single crystal structure can occur when the
growing particles have reached the critical slneeed, Agcan passivahigher index surfacg and

by this stabilization it is possible to maintain a single crystal strudtutiee seed particlesAt the
critical sie, particles showasymmetric truncating surfaces with an open atomic structatethe
intersection of {111} facets on the small seedsThese more open atomic structwsecan be
potentially preferred site for Ag underpotential depositim Stabilization of the higher index
truncations prevents Au deposition, hence growth proceeds on the lemaax surfaces, leading to
the truncation becoming side facets in the growing embryonic GNRS stry¥taish, Barrow, and
Tong 201%

This mechanisralso explaiswhy the amount of shape impurities denot vary during the growth,
since shape impurities are formed in the first step of the growth process.
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Figure50 scheme of the seed patrticles evolutioratoanisotropy structure taken from (Walsh, Barrow, and Tong 2015)
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3.7 Bfect of AgN®concentration

The growth of GNRSSs, as already said, is affected by different parameters such as concentration of
ascorbc acid, silver ions, pH and thenount of seegatrticles. It is reported in literaturthat more

silver ions or fewer seed particles are added to the growth solution, the longer will be the obtained
GNRSs. However, when the number of seed particles is reduced, its¢hasextension of both
diameter and length, hence the aspect ratio decreassnd LSPR blue shifts. If the amount of
ascorbic acid isncreased,it tends to selectively deposit onto GNRSs end facets and dog boned
shaped GNRSs are obtained. By lowgetire pH of the growth solutiqrit is possible to obtain higher
aspect ratio GNRSs but this increases the obtained fraction of shape impudgéQ
concentration is hence the best parametiiat can bechangel for obtaining higher aspect ratio
GNRS§Ye et al. 202).

In order toobtain higheraspectratio GNRSsnd to evaluate the effect of AQN®©nN the growing
particles AQNQ concentrationwas increaseth the samples studied in this section

In thesestudies,the growths were carriean for 3 daysnstead of me week thisdeterminesa less
time-consuming synthesis and permits to aveidnificativeLSPR blue shjftvhile permitting an
increase in the reduction yield.

Six differentsamples (A sef)ave been prepared witdifferent AgN@concentrations as repoed
in Tablel7.

These samples were prepared in couples (4.3_A/8.36_A, 5.53 A/6.83_A, 12.36_A) and for each
couple only one seed solution was prepared and used for both.

In all the reaction conditions considered in this woskye (Ad) and bromide(Br) concentration
(derived from CTAB moleculasjabove the maximunvaluedetermined by their k, hence AgBr
precipitation should occur. However, AgBr precipitation in our samples has not been observed on
the macro scale until the gNQ concentrationin the growth solutionhas reachedhe value of
242uM (8_A). Indeed, in the case of the samples 12_A, 15 A the solutions tomifigdin colou

right after the addition of AgN§while in the case of 8_A the colocintarged20 minutes after the

seed addition. Moreover, during the growth (3days), no solid precipitatefaasd at the bottom

of the flask, it seems like that AgBr remained as a dispersion in the solutions

Tablel7 AgNQ stock solutionsoncentrations useih the synthessof the samples reported on the left, arebspective concentrations
and ratios HAu@! AgNQ in the growth solutions

[AgNQ] Mm
sample name stock sol.| growth sol. | Au:Ag
4 A 4.30 0.125 3.88
5A 5.53 0.160 3.01
7 A 6.83 0.198 2.44
8_A 8.36 0.242 1.99
12_A 12.36 0.358 1.35
15 A 15.78 0.457 1.06
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Figure51on the top left the UWISNIR spectra of the samples reported in Table 17, on the top right:thef the LSPR reported as
a function of the AgNgstock solutionsoncentration. At the bott, pictures show the differences between solution with and without
AgBr precipitation (1 and 2), and the how the colof the GNRSs solutistend to change from pink to red to brown whemBréass

A).

As it can be seen from

Figure 51, in the graphwhere Amax LSPR is reported as a function of AgNtck solution s
concentration, samples that have not showed AgEicipitation on the macro scalseem to show
a lineartrend (red spot) while the otheyseem tofollow acurvetrend.

EDX reveals Ag presermay for 8 _A,12_Aand15 A Considering thatAghas proverto be always
present i n t iJacksehNeRaB@4) prababtyits aoncentration in thesamplesthat
did not show AgBr formation, is too low to be revealed by E&8¢{ with the SEM microscope

In Figure52 (top part), XRD patterns of all the samples are reportegit can be epected goldhas

face centred cubic structure (fcc)in the case of the samples that have showed AgBcipitation,
mainly thanksto the presence of the peaks at abou®2qual to11, 13, 32, 34 the presence of
AgAUS can be determinedThe AgBr presenagas also investigated but no matches wéoend,

this may be due to its conversion to the detected specie bySNhuring the quenching process
Indeed surface sciencliterature suggessthat AgBr chemisorb on Au crystal fagét.J. Murphy et

al. 2005) moreoverthe NaS concentration dependee increasein the LSPR of GNRSs previously
determined proving the capability of sulphide to reach and be adsorbed by Au surface, so it is
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reasonableo consider its activities on AgBr on the GNRSs surf#ogas not possible to evaluate
the presence oAg on the GNRSs due to the overlapping of the Ag andrAy peaks.

Tablel8< Yl E 2F [{twX RAIFYSGSNE tSy3dKs w @I tdzSa F2NJ GKS &l YLX Sa

sample| AnaxLSPR d (nM) |3 d (| I (nm) | & | ( R OR
4 A 843 13.5 0.3 59 2 4.6 0.2
5A 957 11.8 0.3 60 2 5.2 0.3
7 A | 1096 | 10.3 0.2 68 2 6.7 0.2

Figure52 on the topXRD patterns of the samples reported in Table 17, Au fcc and Ag3AuS2 patterns reported as a cc
On the bottom EDX of GNRSs sample that showed Ag@pipation
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Figure53mean values of diameter, length and R as function of the AQNO3 concentration in the stock solution on the left, mee
R and peak maximum positions as function of AgNO3 concentration in the stdaknsofuthe right

As it can be seen froifigure53 (right), when silver concentration in the growth solution increases
MaxLSPR and R show the same ttadence, itis reasonabléo considerthe variation of R values
in the obtained GNRSas the main cause okmax LSPRhiIft, instead of consideringther factors
such as significative differences in the size of GNRSs, theagedshape or the index of the
surrounding mediun{K. S. Lee and-Ehyed 2005) However, consideringhat AgAuS has been
determined on the surfaceof GNRSs thatave shownAgBr precipitation, it is not possible to
exclude thatmcan be influencedbut it isreasonableo assume thait does not influencehe Amax
LSPRs much as R

Considering the samples witAgNQ concentratiors below 8mM, as the silver concentration
increasasthe diameterdecreaseslong withanincreasen the length, hence creasesThis is in
line with what has been reported iliterature as regardo the influence of the silver. Indeed, as
already said, after the initial isotropic growth of the seed particlesyrametrybreaking occursn
the size rage of 46nm. Theabsolutesize atwhichthe symmetrybreaking takes plads determined
by the [HauG]:[AgNQ] ratio in the growth solutionTheincreasen the Ag:Au ratio determineghat
symmetry breaking occurs at smaller particle diametefsonsidemng CTAB and ascorbic acid
constant). The final width of the GNRS depends on the size at whidytm@etrybreaking occurs
and on the following growththey can be both reduced by higher silver concentratibtence, a
higher AgN®@concentration substantifl determines a final smaller diametefWalsh, Barrow, and
Tong 2015)Even though the size range of symmetry breakih§nm)has been determinetor the
reaction conditiors reported in Table13, since the obtainedliameters are comparable (from-9
14nm) it can be reasonable to consider that the symmetry breaking lies within the same upper and
lower size limits also in our systefrheupper size limit seems to kwketermined bythe loss of single
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crystal structuresthat occurs when this size is exceededhe lower size limit seemgo be
determined by the unfavourable energy condition for obtaining the truncations (that are the basis
for the anisotropic growth) when the particles diameter is belowm (Walsh, Barrow, and Tong
2015) Hencegven in a different systent is reasonable that the limits are the same. UPD of silver
seems to be responsible of the relationship between the Ag amount and the size of the symmetry
breakingsincehigher AgN@concerrations will result in the onset of the silver deposition at smaller
particle sizgWalsh, Barrow, and Tong 201&ls0 in the mechanism of Orendorff and Murphy, UPD
was considered (along with CTAB interaction with the lateral facets)rélsponsible of the
anisotropic growth. They considered that Ag deposition contadiering the growth andwvith a
higher rateon the side on the rodseducingthe growth in the diameter direction.

In Figure53, it can be seen that,feer AgBr precipitation (sample 8_A), the mean d value increases
but a further increase in the AgN{Xxoncentration causes another decrease of its value. The
formation of AgBr corresponds to a decrease in the Ag reduction potential (standard reduction
potential is equal to 0.7994 V for Ag+ and 0.0713 V for AgBr), hence the inanghsed value is
expected considering AgBr responsible of the URDBwever, the following decrease in d value
seems to suggest that an increase in the silver concentratioryisancapable of better control the

d growth

As regard tothe length of the GNRSSs, as it can be seen fragaire53,it increases at increasing
AgNQ concentration with the exception of the value corresponding the higher AgN®
concentration. Walsh et al. proposed that the length is determined byatheunt of theremaining
available gold in the growth solution. The width of the nanorod is determined when the symmetry
breaking occurs and after that only a slight increase ocdursng the growth nsidering the
reduction yield, the remaining reducible gold can be incorporated and increase the ldthegpice
narrower nanorod are longer since less gold is usedncreasethe nanorod in the diameter
direction and can be incorporatl in the length direction(Tong et al. 2017)Orendoff et al.
determined that the low yield obtained in presence of Aans (about 15% in the standard protocol
like the one reported iMablel3), is caused by the termination of the growth of the nanorod due
to the complete surface passivation by silver UPD. Indeed, even if the deposition of silver is faster
on the side of the rods it occurs also at the tips, sewithe passivation of the entire nanorod
surface is reached the growth is stopp@drendorff and Murphy 2006 However, also CTA&U
surface interactions hato be considered, indeed Murphy et al. determined that CTAB contributes
to the inhibition of the growth inhie diameter direction by its preferential binding to some facets
mediated by AgBr absorption on the nanorod surface. Moreover, it has foesm that the higher

the CTAB bilayer stabilitg, the narrower and the longethe nanorodswill be. Indeed,higher
interaction CTAB\U in the lateral facetbetter inhibits the diameter growthand the formation of
CTAB bilayer around the nanorzdeasierwhichis requiredfor GNRS elongation in ttzgpping like
mechanism(C.J. Murphy et al. 2005 hese observatiors could suggest that atow AgNQ
concentration(until sample 8 A) the length increases due to the reduction in the diameter that
allows to incorporate more Au ions in the length direction. Thiengthof GNRS from sample 7_A
to samplel2 A may continue to increase, even if the diamsetare bigger, thanks to thehigher
AgBr absorption in the gold surface that help to form CTAB bilayer around the parfickegasier
interaction CTAB\u is not able to reduce the diameter growth as effiotly as beforethe AgBr
precipitationsinceUPDhas decreased, but @ould be the reason othe decreasen the diameter
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that follows AgBr precipitation. The increasettme length from sample 7_A can be also attributed
to the decrease in the UPD that, besitgereasing the diameter, pernsitto increase the total
amount of reducible gold (indeed sample 7_A and 1&€hdw higher value of absorbance at 400nm).

For the higher AgN§2oncentration it can be said that, whatever mechanism is behind the decrease
in the diameter &n increase in the interaction CTAB due to AgBr absorption or an increase in the
UPD of AgB, considering that sample 12 shows the lower value of cameter, it seems that the
intensity of thegrowth inhibition ishigh enoughto take placealsoon the laterl facets. This is in
line with what has been determined for other reaction systemamely it can be found a silver
concentrationhighenoughto promote relevant inhibition of the growth also in the length direction
that determine a maxnum value of R, which cannot be exceeded by further Agddi@ition(Walsh,
Barrow, and Tong 2015; Orendorff and Murphy 2008)is is reasonable to be considered also due
to the trend of the points in the graph LSPARINQ) reported in Figure53 that seems to reach a
maximum.

As regardo the color appearance, a common trend can be identified among the different samples
synthetized in this work, namely the higher was the Agblihcentration theslowerthe growth
solution became colored. This delay in the color appearance tgplarly precise in the case of
growth solutions prepared with the same seed solutions,Figure55 a picture shows this
Considering thatseed particls have an average diameter belo2nm and that B aliquot of

4.18 W3 shows only TSPR, the appearance of the color occurs when the initial isotropic growth
produce diameters big enough to show SPR (AuNSs with average diametemasi®vs SPR)In

the case ofthe growth of onlyNSs, the growth solutiobecame pink 10 minutes after the seed
addition, so definitely earlier than GNR8%as been determinethat the initial growthof the seed
particle,is slowerin presence of AgN{K{Tong et al. 2017Hence both silver ions concentration and
seed particlecharacteristics can influence this initial growth step. All of these eviderm&irmed

that the more anisotropic are the obtained particles, the slower is the growth oféwsel particles

and thesloweris the color appearance.
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Figureb5images of the samples specified in the white boxhe top,picture of two growthsolutions in the moment of the colc
appearance, prepared simultaneously with the same seed solution, the more pale colour of the solution on the lefttis lighe:
AgNO3 concentration(5.5mM stock solution while the solution on the right usedAgiN®3 stock solutiommn the bottom

3.7.1Working in the linear range

Four more solutions were prepared with silver ions conceitra below the precipitation
concentration, in or de nxLBRR acimereasingrAmAgtraiimreover, n e a r
the initial step of CTAB and 5BrSA dissolution was fixed. Indeed, the aromatic additive is sparingly
soluble in water but irpair with CTAB can form homogenous aqueous solution due to its inclusion
in the micell es’ structures. An homogenous i
reaction, CTAB must be heated to be dissolved in water and it is importantoid any foam
formation. When the initial dissolution is performed by keeping the vial in hot tap water, 5BrSA can
be found not to properly dissolveand foam can easily forms. To improve and standardize this step,
the initial solutions of CTAB and 5BrSA weieest for 5 minutes at 50°C in the water bath used for

the growth reaction. After that, solutions were stirreahd allowedto reach the temperature
required for the synthesis (30°C) by decreasing the temperature of the water bath.
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Table19 AgNO3 concentrations in the stock solutions used for the synthesis of the samples reported on the tefipectoe
effectiveconcentration in the growth solutions and ratios HAuCl4 : AgNO3.

[AgNQ] Mm
sample name| stock sol| growth sol.| Au:Ag
4 B 4.00 0.116 4.17
5B 5.00 0.145 3.33
6.6 B 6.60 0.191 2.53
6.8 B 6.83 0.198 2.44

Table20value of mean aspect ratio and peak position for both LSPR and TSPR of the samples reported on the left

Mal,SPR AnaxT SPR
sample R 3R (nm) (nm)
4 B 4.6 0.2 886 519
5B 5.2 0.3 941 516
6.6 B 6.7 0.2 1062 511
6.8 B 5.9 0.5 1073 511
1050 | ™ PnaxESPR "
1 ® R
1000 | ® R
g 950 .
< 900
| L]
850 = "
&
6
i .
5 [
?
T T T T T T T T 4 T ¥ T ¥ T E T ¥ T T T ¥ T
400 500 600 700 800 900 1000 1100 4.0 45 5.0 55 6.0 6.5 7.0
%(nm) [AgNO,JmM

Figure56 on the right UWISNIR spectra of the sample reported in table 20, on the right peak position for LSPR and exp
(blue) and theoretical (green) aspect ratio values

As it can be seen irigureS6andFigure58, t he | i near r gatoBLSPRopeand i p
the silver concentration is confirmed ( R2=0.998), and it is due to the linear relationship between
the Au:Ag ratio in the growth solution and the obtained GNRSs' aspect tatbef silver
concentration determine an increase in length and a slightlecrease in the diameter, d@shas

been observed previouslyMoreover, the experimental value of R eknot differ from the
theoretical valuegalculated based on equation 6. Link et al. derived the equation by the application
of t he Ga n gher withhtieeoknoywn dieledrie function of the goldConsidering the
resonance condition for the longitudinal modegiation 5 with an appropriated geometric factor)
and the fact that the real part of the gold dielectric function is wavelength dependedt nearly

b
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linear, they determinedthe following equation considering a wavelength region between 5D
nmand GNRSs’ size |l ess than 1/10 of the wavel e

V& PY TR w T WP T

They determined that the equation §tt h e i r exper i weT/t avaluedragoad 1 f
agreement with the dielectric constant of water, namely the solvent, and this means that water is
widely contentained in the sur f a c tsaucturéssaround the nanorods (electrochemically
synthetized with CTAB and tetraoctylammonium brom{tdajk, Mohamed, and EBayed 1999)

Since ourRresults fit theoretical valuesalculated from the maximum position of the respective
LSPR barshnd consideringm=1.77, it means that also for longer wavelengtine same equation

and that everfor our synthesis thevater contentintheGNRSs’ or gani c | ayer |

| m TSPR|
520—_
518—- {
516—_ {
514-
512;
510- } }

T : T T T T T T T

40 45 50 55 60 6.5 7.0
[AgNO3] (mM)

TSPR (nm)

A

Figure57 peak positions of TSPR band for the samples reported in Table 17

As it can be seen fromigure57, the TSPR ghto shorter wavelengths when R increases even if it
does not follow a linear trend. Indeed, in this spectral region the interband transition has a dominant
effect. It makes the resonance condition to dependt only on the real part of the dielectric
constant of Ad but also to the imaginary part, that causing the loss of linearity between R and the
TSPR’ s pe(dIS. LeemsdiBhyedd2005)

A compaison between UWISNIR spectra of A samples below AgBr precipitation and B samples
arereported inFgure60, while their data are compared Figure61.

4 The real component of the gold dielectric constaniniarly linealy dependent on wavelength causing a linear
relationship between R and LSRRen is the only relevant component for the resonance condition
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Figure58diameter, length and aspect ratio distributions of the samples report@aliel19
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Table21values of ratio L/T, LSPR peaks' intensities, absorbance at 400 nm and percentage iofijghajies (nanospheres) for the
samples reported on the left

sample |L/T | LSPR | A 00 % GNS
4 B 1.8 050/ 0.30 5
5 B 2.8 109 035 15
6.6 B 3.7 1.13 0.34 11
6.8 B 3.2 1.02 0.33 17
4_A 1.8 039 021 17
5 A 16| 037 022 44
7 A 0.9 0.26 0.24 61
B 1100 Wy 70 1100 : T"EZPR 042
: I"_ACTGNSS 4.0 B A400 i L14 [o40
1050 - { E [+60 1050 - i R
3.5 12 |0.36
~50 I-0.34
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5 40 |- 0.30
950 i == L 950 1 i Loe [o028
L2o [0 l-0.26
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Figure61In the upper part data refer to B samples while in the lower refer to the A samples below AgBr visible precipitattbe
graphs peak position of LSPR is reported as a function of the AGQNO3 concentration in the stock solution as a referméeit i€
showed how ratio L/T and the percentage of shape impurities change with the increase in the silver ions concemdra¢ilaia
AKATGOG AY <Yl E [{twX GKS alFYS Aa R2yS 2y (KS NR 3 érrofbar
are taken from the studies reported in paragraph 3.3.1

Asit can be seen irigure6l, in the case of the A samples, the amount of shape impurities increases
with the increase in the AgN@oncentration. Even thoughhe percentageof GNSss calculated

from TEM and SEM images (more than 2000 partigks® counted for every sample) that are not

so much reliable aarepresentation of the whole sample characteristics, these data are in line with
the ratio between intensities of the TSPR and LSPR peaks. Indeectiease in the value of L/T
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determinedin A samples means an increase of shape impurities, otherwise L/T value should
increase for increasing aspect ratips. S. Lee and-Ehyed 20053sit is shown for the B samples,
wherethe percentage oGNRSs remains approximately similar at increasing Agdi@entration.

The trend showed foA samples is common, namely is widely reported thaten if AQN®is
necessary for obtaining anisotropic particles, its increase causes an increase in the amount of shape
impurities. This has been attributed to the highenic strength associated with higher AgNO
concentration(Su, Yang, and Zhu 201%)to the Ag higher capability to passivate growing seeds
that reduces the driving force for single crystal structufermation and then causes lower
anisotropic particles developmef(itong et al. 2017)The increase of shape impurities in A samples
causes also a decrease in the intensitiece®PR peaks. The yield of GNRSs is definitely higher in the
B samples since evehe absorption values a#00 nm is increased, this means that in this set of
samples both reduction and shape yield are higher.

It is reported that lowering CTAB concentration in the growth solution causes an increase in the
fraction of shape impuritiesfor this reason the traditional protocol require CTAB 0(\VJ. Murphy

et al. 2005)In our growth solution, the concentration of CTAB was halved thanks to the addition of
5BrSA. Considering that, our results suggest that a properimtiasion of 5BrSA in CTAB micelles,
that can be better obtained ith the initial heating and longer stirring of the CTAB and 5BrSA
solution, is capable to remove the shapepurity problem deriving from the lowelICTAB
concentrationsince shape impuiigs are lower in B samples amfb not increase with AgNO
concentration As regardo the higher reduction yield, this may suggest the influence of 5BrSA
reduction property in the growth of GNRSSs, since when the reagent is better included in the micelle
it allowsto increase the reduction of gold salt

3.8 Reproducibility

In order to evaluate the reproducibility of the synthetic processir solutions were prepared at
AgNQ concentration equal to 5.5mM in the stock soluti®159mM in the growth solutiorand

Au:Ag equal to 3.03).This concentration was chosen since it is the central value in the considered
concentration range, so if the reproducibility is Agi¢@ncentration dependent, it will be possible

to obtain an average valuéMoreoverit is reportedin literature that the standard protocol with
AgNQ4mM should allow to obtain GNRSs with LSPR peak at aboutr&®Q Huang et al. 201,8)

while without increasing the silver i@moncentration it was not possible to obtain it. From the linear
trend determired from B samples, LSPR peak at about 9806ambe predicted to be obtained with

a concentration 0AgNQ stock solution equal to 5.5mM.

The most important parameter that has to be considered in the reproducibility evaluation is the
peak position of LSPR.Table22the LSPR peak positions are reported, while the obtained spectra
are reported inFigure62.

The mean value of LSPR peak position is 98A#di4{considering a confidence interval at 95% of
probabilty). As it can be seen froffigure62, the mean value coincides with the expected value of

the linear fit determined for B samples. The determined confidence interval was extended to the
whole AgN®@concentration range. IRigure62it can be seen that, considering this vallispersion,

all the samples obtained in this work (some of them are not previously discussed) show LSPR peak
positions that do not significantly differ from the linear trend determinedBaamples. Considering

these results, it can be said that the determined linear trend is a good representation of the
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relationship between AgNZ oncentrati on and t hepositibntamdcambed GN |
used to predict the AgN§equired concetration.

Table22 LSPR peak position for the sample reported on the left

sample |AnaxLSPR
1R 970
2 R 957
3 R 1014
4 R 1007
10d —= R ) 1100
0.8 4
14 1000
o
0.6 4 [4))
_lx
-
0.4
900
0.2+
004 T T T T T T T T T LI N | 800 1 i T g T ) T
400 500 600 700 800 900 1000 1100 4 5 6 7
% (nm) [AgNO.] mM

Figure62 on the left theUV-VISNIR spectra of the solutions reportedTiable22 (absorbance values were normalized). On the rig

can be seen all the values of LSPR peak positions obtained by synthesis with differgobAgdirations that have beemade in thi

work. Green points correspond to B samples and the green line is their linear fit. The area determined between thbedruemnliih

corresponds to 95% of confidence interval determined by SD of purple points (5.5mM), the star snthvaloes of the purple poin

The error bars reported are taken from paragraph 3.3.1.
Even though samples prepared in the same period and conditions show a good agreement between
their LSPR peak position, such as the B samples, the dispersion that has been determined showed a
quite poa reproducibility for the synthesisThe poor reproducibility is a widely reported problem
for the GNRSs synthesis, and as already, #adprotocol for GNRSs outside 7000 nm of LSPR
range are still far from idedle et al. 2012; Scarabelli et al. 2013%pwever, it can benproved by
the adoption of some precautions. One very important factor that can influencegiwe@ducibility
of the synthesis is the water qualitihdeed, it is reported that the quality of the water is the main
sources of irreproducibilityn this work MikQ water has been used for both the synthesis and the
cleaning of glassware (after treaent with aqua regia), unfortunately is deionized and filtered
but not distilled. This means that contaminant traacamnotbe excluded, and moreover after the
filtration the pH could be slightly differenand it is a crucial parametén determining the final
aspect ratio (Scarabelli et al. 20)5Another critical issue is the cleaning of the entire lab
environment where attention should be paid to redutestasmuch as possibl@Henson et al. 2017;
Scarabellet al. 2015)Vials should be closed with capsit it is important to assure the absence of
metal in them, in order to avoid contamination®ther important factors are: reagent age and
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storage conditions, different vessel used in the synthesis (diape3, different spin and heating
efficiency(Henson et al. 2017)

Sq the repraducibility can be improved bshecking water qualitgnd thelab environment, utilizing
standard vials with opportune capworking with standard heating and stirring efficiency, checking
the quality of the reagents.

The difference in the required AgNEbncentration between what has been determined here and
what Huang et al. have determined could be due to the use of different reagents, indeed it has been
reported that different supplier and also different lots of the same supplier can cause variations i
the obtained position of the LSFRenson et al. 2017)

3.9 Aging

Aqueous slution of GNRSs exhibit a gradual blueshift in LSPS. &thkled in the quenching should
help to reduce this shift. It is particular important to reduce the shift since the optical properties of
the solution depends upon LSPR band position, hence apphsatf GNRSs require particles
stability. To evaluate if GNRSs with different R show different shift and its evolution during the time,
B samples and two R samples were measured. As it can be s@abl@?23 and inFigure63 and
Figure64it seems that the maximum shift is already reached after 1 week, than even 4 months later
it seems to be unchanged, moreover it seems to be not depahdn R since all the samples shift
about 10 nm.

Table23 shift of theLSPR of the GNRSs aqueous solution after 1 week, 2 months and 4 months for the reported samples on the left.

ALSPR
sample| R 1week | 2months |4 months
4B | 471 10 10
5B 5.62 8 8
2 R | 576 10 10
3 R | 6.32 9 9
6.6 B | 6.62 10 10
6.68_B| 6.68 9 9
4 7R|
[5.62R
125 C_J576R
[C6.32R
[ 6.62R
10d _ _ Em6eR
8
- .
4 4
2
0 - r
o 1 8 16

Figure63 shift valuesof LSPRor the considered samples
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Figure64 U\-VISNIR spectra of R samples 1 week and 2theafter their quenching on the left (spectra are normalized), spec
B samples 2 and 4 months after their quenching on the right.

In order to understand the efficacy of the quenching performed with a S/M ratio of 4, the aliquots
used for the studies reported in paragraph 3.3.lreveneasured after 2 months. As it can be seen
from Table 24amongaliquots quenchedvith adifferent S/M ratio the one corrispatingto S/IM=4
does not showa significant reductiorof the shift. Moreover, comparable shifts are also obtained
for Q and CR aliquots and CR aliquots. This means that the quenching process with da2& doe
determine a significative reduction in the effects of the aging

Table24 shift of LSPR after 2 monthsadiquots treated with different S/M ratio on the left and a comparison between the shift after
2 months of aliquots centrifuged and quenched and only quenched on the right

SM AL SH
2 12
4 10
6 10

ALSPR
sample CR Q&CR
4 B 7 10
5B 4 7
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Figure65UV-VISNIR spectra dliquotstreated with different S/M ratio fresh and after 2months on the top and a comparison between a
centrifuged and quenched and only quenched fresh and after 2 months on the bottom

These results suggest that the shift in our GNRSs aqueous solutions could be not due to the presence
of unreacted gold and silver iofisut it can be a consequence of GNRSs structure change to reach

a more thermodynamiddy stable arrangemenindeed, f the shift was caused by the unremoved
reagent the NaS would be able to decrease it since it is capable to remove the unreacted ions from
the reaction mixture, moreover the shift due to the presence of the unremoved reagemsosted

to be around 50hm, while the shift determined in our samples is not so far from the one reported

for the best NaS treatment (5nm).

Quenching with N6 was determined to be effective for GNRSs solution with smaller R and reaction
conditions as thesame as the one reported fablel3(Zweifel and Wei 2005}t is possible that the
halved CTAB concentration allsvan easier purification, so probies derived from a poor
purification are reduced in our reaction conditions
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3.10Determination of eduction yield

To evaluate the reduction yield of the GNR®sthesis two solutions identified as 4_Y and 5.5_Y
were measured by ICBES, they were spectively obtained with AgNGtock solutions 4mMand
5.5mM, and their UWISNIR spectra are reported Figure66.

0.0 . . : : : I
400 600 800 1000
% (nm)

Figure66 UV-VISNIR spectra of the sample Y and 5.5_

The considered samples after the quenching (3 days after the seed addition) were carefully
centrifuged and redispersed.he calibration was conducted with gold solusawith concentration

from 1 ppm to 21 ppnfthe maximum selected value corresponds to a yield of 1R0OPfae solution

used for the calibration were preparddom both standard gold sotion (1000 ppm)and solution

(43 ppm) obtained from the salt HAUGIHO used for the GNRSs sinthesys.

1 ml of agua regia has been added to 2mGEMNRSs samptbtaining a final concentration of 30%
v/v asthe onerequiredin the methodfor the sampladigestion(Coombs 2016After 1h of digestion

(Su, Yang, and Zhu 20Bs8)utions werediluted (25ml) to obtain a final aqua regia concentration of
10%, which better fg instrument requirement.Instrument was set as reported in the method
(Coombs 2016)all the measures were performed at wavelength of 267.595 nm and 242.795nm,
which can be both used for gold @emination. Both the calibration obtained with salt and standard
solutions working at 267.595 nm allow to obtain a bettéaRit can be seen frofiable25, for this
reason the reported data refers only to the best selected wawvgtle.

Table25 quantification and detection limit and?Ralues obtained for the calibration curved obtained as reported on the top of the
table

standard salt
A(nm) AMnm) |[A(nm) [A(nm)
267.595 | 242.795|267.595 242.795
LOD(ppm) 0.02 0.03 0.03 0.09
LOQ(ppm) 0.05 0.10 0.11 0.31

R 0.99976 0.9988]0.99983 0.9989
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As it can be seen Figure67, the calibration curves obtained with salt sabns show lower values,
this could be due tthe hydration of the salt. It proves the previously discussed influence of reagent
conservation irsynthesis reproducibility since the hydration may increase gradually during the time,
even if the reagent waalways kept in the desiccatomdeed based on the measure at 267 nm,
which has been selected dlse best wavelengthsalt valuesare 28% lower than the standard
solution and this for sure affectetthe growth of GNRSSs, just think of the importance of theorat
Au:Ag.For this reasorthe most convenient way to use Hau@agent is to prepare a stock solution
with the entire content of the sealed bottle, weighing the full and empty container to calculate the
exact mass. The prepared stock solution has to lpg ke the refrigerator and substituted as soon
as visible changes appears (presence of insoluble ma{&taljabelli et al. 2015)
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Figure67 calibration curves obtained with standard and salt solution at different wavelength

In Table26 are compared the yield obtained by KCEES and derived from the absorbance value at
400nm. Indeed, it is reported that this absorbance valagy linearly with Aticoncentration with a
slope of 2.4 (kmM AW)) regardless the shape and the size of the nanoparti¢l@sarabelli et al.
2015)

Table26yield determined by IGBESnd by the value of absorbance at 400nm

% Yield

sample | ICP_OES| Ao
4°Y 146+£0.4 | 31t4
5Y 15.8+0.4 | 36+4

The yield obtained by ICP measures are in line with the expected yield of GNRSs grown in silver
containing solution, even though considering thgdration of the salt previously discussed, the
value can be underestimate#iowever the discrepancy between yield determined by absorbance
value and ICP could be due to the formatiomugdtallo-micelles containing CTAUB& complex that
cannot be fully dijested with the acid digestion causing a significative underestimation of gold
content as reported in the study of Park. It has been determined that with a microwave digestion
the determined gold content was about double than the one determined with dhnéy acid
treatments (or ppm range comparable with our studiPark et al. 2014Hence considering tha
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is reasonable to consider that the effective yield is the one determined by the absorbance value but
further ICP measure with different samples digestion should be performed to confirm that.

4 CONCLUSIONS

In this work it has been determined that bamain phases can be distinguished during one week of
GNRSs growthDuring the whole growth time the reduction of gold continues and both the
dimensions growContrary to what has been supposed by Ye etlalua shift is obtained when the
growth is mantained for one weekEven if with different kinetic and morphological GNRSs
evolution, the mechanisndetermined in our systemsin line withthe one reported by Park et al.
and the differences can be attributed to the different surfactant system.

The quality of the seed particles has been proved as a key factor in obtaining high quality GNRSs and
in particular NaBkreduction efficiencynust be carefully cheked.

The aromatic additive has been proved to be involved in the formation of the organrqlissents
in the surface of the particles, but it also been proved to be capable of gold precursor reduction
even if the ascorbic acid remains fundamental for obtaining Au

The presence of AgNQvas determined fundamental for obtaining anisotropic naadfles,
confirming the studies o¥Valsh et al A mean value of R equal to 2 (AgN®BuUM in the growth
solution), was found to be the minimum for obtaining in the-UNs spectra of the particles a LSPR
band separated from TSPR bamie proved that LSPR ihé shifs linearly at increasindAgNQ
concentrationuntil AgBr precipitation occurs due #linear increase in R value. Moreover, the
relationship between R anthax LSPR was found to follow the theoretical relationship determined
for shorter GNRSSs, hentteallows to evaluate R values withotlite necessity of SEM/TEM images.

Studies on GNRSs aging determined that a blue shift occurs within one week and then it remains
the same even after 4 months. The shiftnederate and it does not depend on R dfaS
concentration, this demonstratghe easier purification permitted by the lower CTAB concentration

in the growth medium.

We determined that the initial step of CTAB and 5BrSA solution preparation must be performed in
the water bath at 50°C, since thidaal's to improve the quality of the obtained patrticles.

The reproducibility of the synthesis is quite low, further studies should be performed to improve it
by the employment of preparation and conservation of different stock solutionsatiadysis of the
used water, the use of standard glassware to perform the reaction.

The yield of the reaction is probably higher than the standard reaction in presence of silver nitrate,
anyway further ICP studies with different sample digestion should be performed to cotfirm i
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