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ABSTRACT

We report synthesis strategies devel oped to achieve decent yield of monodispersed gold nano rods (GNR) of desired
aspect ratio. The color and optical properties of gold nano particles originate from localized surface plasmons.
Unlike nano-sphere the optical properties of GNR are influenced by their shape anisotropy. UV-visible absorption
spectroscopic measurements and Scanning as well as Transmission electron microscopy (SEM and TEM) images
provide an explanation for formation and mechanism for controlling the GNR growth. The work emphasizes on the
standardization of parameters like concentration of aurochloric acid, cationic surfactant CTAB
(hexadecyltrimethylammonium bromide) and silver nitrate; as well as pH and Temperature of reactant and finally
efforts to separate GNR by centrifugation. Use of CTAB at 0.2M concentration and 20° C and a ratio of 200:1 of
CTAB and gold salt, resulted into formation of metallo-micellar complexes. This complex acted as seed and resulted
in formation of 1D crystal growth of nanorod. The most decisive parameter affecting the nucleation was found to be
concentration of gold ions (ImM). Growth of GNR was mainly controlled by AgNO; (4mM) and CTAB (0.2M).
Centrifugation was found to help the shape separation i.e. separating GNR from other shapes of gold
nanoparticles.. A blend of theoretical as well as experimental discussion is made to comprehend the idea behind
separation of the GNR from the mixture of spheres and rods.

Key words: Gold Nanorods (GNR), metallo-micellar complex, Heseyltrimethylammonium bromide (CTAB),
aspect ratio, shape separation, centrifugation.

INTRODUCTION

The most captivating property of matter is dueht® $patial movement of its electrons in the configpaces called
orbital. This electronic motion is purely dependemt the quantum mechanical principles. The domindén
confinement effect is exhibited when there is a icalgransition from bulk to nanometer scale (2¢); where
the size of the matter becomes comparable to tie &aiton radius and surface effects become aliagj leading
to unique absorption and fluorescent propertiesedding on the particle size and shape. Transitiataim
nanoparticles have anomalous properties, distihgqugsthemselves in the ability to confine resonamitons within
their small size to induce localized surface plasroscillation of the conduction band electrons. @hglitude of
the light wave gets dramatically augmented duertisarced photonic confinement. The overall effeed$eto
enhancement of light intensity due to the diretdtien between the intensity and square of the dugg § o A).
This effectively amplifies all radiative propertissch as light absorption, florescence, Mie and &astattering.

Gold nanoparticles have got wider range of surfalesmon wavelengths which is a function of its sipel shape
[1]. The excitation of localized surface plasmon ostiillzgs due to the confinement of resonant photomgreunts
surface electromagnetic fields strongly, leadingtopagation around the particles. This plasmomeiar riield can

1027
Pelagia Research Library



Goldie Ozaet al Adv. Appl. Sci. Res., 2012, 3(2):1027-1038

stupendously affect the properties of material amadecules in its proximity leading to large enhaneat of the
Raman scattering by species adsorbed onto thecsudfathe nanoparticles. This consequently alsdslga the
elongation of coherent phonon oscillation of theaparticles and red-shift of the surface plasm@omance band
due to field coupling. The dependence of the foaai shift of the plasmon wavelength from coupledrg of
nanoparticles is purely a shape-dependent phenamgh@]. The coherent oscillation in resonance witle
frequency of light induces charge separation batwiege electrons and the ionic metal core exeréingstoring
columbic force resulting in dipole oscillations. élklectronic oscillations in GNR occur in one obtdirections
which depend on the polarisation of the incideghti(short and long axes). The excitations aloregyghort axis
induce absorption in the visible region which ilezhas transverse band. The excitations alondpiig axis induce
much stronger absorption band in the longer wagglenegion which is considered to be known as luugnal
band. This longitudinal band is more sensitivéhoaspect ratio of the GNR hence, it is shifteanfivisible to near
infra red region (Red-shift) with increasing aspeatio. As per Gans theory, there is a relationghgtween
Longitudinal Surface Plasmon Resonafgeprg) Of anisotropic nanoparticles and aspect ratiowRich has been
mathematically found to be:

A (LSPR)™ 45R + 420 (1)

Due to the SPR excitations, there is five to sideo of magnitude enhancement of light absorptiprfGBR than
that of conventional dyes used for labelling anoldgical imaging8-10]. The remaining light extinction is then
contributed by the existence of the light scatgprihhis is due to the virtue of the fact that creastion of total
extinction (Gy) is derived from the cross-section of absorptiGgd) and scattering (&) i.e.

exC‘: Cabs+ Csca (2)

The absorption scattering and total extinction lid GNR is proportional to the wavelength of ligist well as
particle aspect ratio. At a fixed aspect ratio, dsorption efficiency is dominant for smaller radsd scattering
efficiency is dominant for larger rods. Hence, foraging, larger nanoparticles are preferred becafidggher
scattering efficiency and smaller nanoparticles ased for photothermal therapy due to its highesogttion
efficiency.

The next most attributing property of gold nanoisées is the degree by which their optical promsrttan be
tailored by altering shape, morphology and its eddage. There is a shift of optical extinction banoim the
visible to near infra red region when the morphglaff gold nanoparticles change from sphere to ®dch
structural and compositional tailoring can be ekptbfor potentialin vivo applications where tissue absorption in
near infra red window is minimal and favourable fptimal light penetration. GNRs of different aspeatios
exhibit a cardinal role in catalysis, optoelectosnioptics, photothermal therapy, reprography, lstetgctron
transistors (SETs) and light emitters, nonlinedioap devices and photo electrochemical applicatiett.

In the present work, we have prepared GNR of désagpect ratios. These rod shaped nanostructusse g a
sharp longitudinal surface plasmon peak and ddsirabpect ratio which is accomplished by tunindedént

parameters such as pH, temperature, concentraftiGit AB, gold chloride and silver nitrate solutiohhe effect of
nitrate and silver ions were investigated to deteemwhether increased ionic strength plays a dexisile in rod
synthesis or increased concentration of silver ibas got the monumental task of one-dimensionalviyraf

nanorods. Further, high aspect ratio rods wereraggghfrom the mixture using centrifugation.

MATERIALS AND METHODS

Materials: Chloroauric acid (HAuGIMolecular Weight 393.79g mol), sodium borohydrat@aBH4), ascorbic acid,
silver nitrate were obtained from Sigma Aldrich, AISAll the glasswares were washed with aqua regid a
experiments were performed in nanopure water @BMGNR synthesis was done using the protocol @evisy
Mostafa-El Sayed [11].

Preparation of the seed: 2.5 ml of 1ImM of HAuCI4 was added to 5ml of 0.2ydtimethylammonium bromide
(CTAB). To this solution 60@ of prechilled 10mM Sodium borohydride (NaBH4) wadded under vigorous
stirring condition forming pale yellow colored stan. The experiment was performed af@Qusing Nanopure
water (18Mohm).

Preparation of the growth solution: Growth solution of GNR was prepared by 2.5ml of 1abAuCl4 in 2.5ml of
0.2M CTAB. To this solution, 113ul of 4mM AgNGnd 35 pl of 78.8mM ascorbic acid were added Vatid by
gentle agitation forming a transparent growth sotut4pul of seed solution was transferred into iarest growth
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solution and the reaction was allowed to take pface hrs. Impact of the pH was studied by varyihg pH of
growth solution (pH 2, 4, 6, 8, 9, 10) before aidditof seed, using 1IN HCI and 1N NaOH. The influerd
temperature was analyzed at different temperat{#eg0, 37, 60, 90 and 180) for growth solution before the
addition of seed. The comprehension of pivotal adlsilver ions for one-dimensional growth of GNWas done by
varying the concentration of silver nitrate solatio the growth solution. The cardinal role of eéngal speed for
the separation of Nanorods from the mixture of radd spheres was studied. 5ml of the solution vpas st
different rotations per minute (4000, 5000, 600B0@ and 9000 rpm) and the samples deposited aidks and at
the bottom were analyzed to verify the extent plasation.

Characterization: The spectrophotometric analysis of the solutions earied out using Perkin Elmer (Lambda 25)
UV-Vis spectrophotometer. Morphological details e synthesized GNR were studied using Transmission
Electron Microscope (TEM) (Ziess Microimaging GmbBgermany) and FEG-Scanning Electron Microscope
(SEM) (Zeiss Microimaging GmbH, Germany). All samphlere centrifuged (REMI) at 5000rpm and then ibiogh
side walls and sample present at the bottom of¢nérifuge tube were separated and then placedranvér coated
copper grid for TEM analysis and on silicon wafar $EM.

RESULTS AND DISCUSSION

The seed-mediated method for GNR synthesis wasedififom an earlier publication [12] . SynthedissdNR was
done in two steps. In step one we used sodium pdrae, which is a strong reducing and nucleatiggra that
reduces gold ions to form monodispersed sphermabparticles acting as seed for nanorod synthiesike second
step these nuclei were then added in the solut@mmiaming CTAB (surfactant) stabilized gold compliexthe
presence of ascorbic acid and silver nitrate feicieht growth of one-dimensional GNR. The resuldained are
discussed below:

Impact of Gold Salt Concentration in GNR synthesis:

The concentration of aurochloric acid was variegrfr0.125 to 1mM. The optimum concentration of abltogc
acid required for efficient transformation of galdeds to nanorods was found to be 1.0 mM whickideat from
UV-Vis spectra exhibiting Transverse and LongitadirSurface plasmon resonance at 525nm and 672nm
respectively. According to equation (1) the aspatib was calculated to be 5.6 which was furtharficmed by
SEM. The interaction of Au (lll) and CTAB efficidgtleads to the synthesis of Au (I11)-CTAB metallamllar
complex. It was deciphered that the ratio of CTAB: (1) should be 200:1 for nanorod synthesisadtigher than
that leads to unregulated growth of nanopartiadasling to irregularly shaped nanostructures (Fend 2A). When
CTAB concentration was far above critical micellencentration i.e. 1 mM and the ratio of CTAB: All)lwas
more than 10:1, it lead to solubilization of godah$ into CTAB forming a strong micellar complex. thss ratio is
further increased to 200:1, there was proficiemtngh of nanorods allowing addition of gold ionssakcific facet
regulated by the zipping mechanism of CTAB.

0.9
0.8
0.7
0.6 vV
05 \/ \ —0.125mM
04 —0.25mM
0.3 \/\—\ 0.275mM
0.2 \ —0.5mM
0.1 “/\ 1mM

u 200 400 600 80U 1000 1200

Absorbance

Wavelength (nm)

Figure. - 1. UV- Vis spectra of GNR synthesized byarying the concentrations of the gold salt in gravth solution
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T,

Figure. - 2. TEM of GNR synthesized using (A) 0256 mM and (B) 1.0 mM Aurochloric Acid

Effect of Cetyl Trimethyl Ammonium Bromide (CTAB)

Our initial experimental studies as well as repft®] have depicted that 2 is the most suitable temperature for
studying the impact of various reactants duringtlsgsis of GNR. Hence, impact of CTAB was assess@dL.
For our experimental considerations, GNRs wereh®gired using different concentrations (0.004, .001, 0.2,
0.3, 0.4 and 0.5 M) of cationic surfactant CTAB. aocordance with the previous endeavours to untbek
interaction of CTAB with the surface of GNR, optimuesults were obtained 0.2 M CTAB at 20°C. To pker
the optimum CTAB concentration in the growth salatikeeping all the other experimental parameterstemt,
different CTAB were varied from 0.004 M to 0.5 Mh& UV-Vis spectrophotometric analysis of the gold
nanoparticles as well as TEM (Fig. 4), evidentlgioates that 0.2 M CTAB is most effective in syrising GNR,
having an aspect ratio of 3.5 (Fig. 4b). We spdeuthat at this CTAB concentration there is inhdritof extra
growth at 111 facets of GNR. This leads to the pragongation of 1D growth of nanorods. This isagreement
with earlier work [13] that has unravelled the mamism of CTA bilayer protection [14]As CTAB concentration
is lowered down from 0.1 M to 0.008 M, there hagrbeatastrophic decline in LSPR as well as al@nain
morphology of gold nanopatrticles (Fig 4 C & D).

Earlier experiments [15}ave determined the critical micelle concentration of (CMC) CTAB to be [ 1mM. We
have investigated the effect of CMC on nanorod ghoat 20 °C by using CTAB concentration from 0.11tonM
and have gained an insight into the role of metalicellear complexes behind the formation of 1Dstay growth

of nanorod. Above CMC, it has been noticed thatGh)i , which was a pale yellow colored solution, formed
orange colored precipitate, when complexed with 8TAppearance of this color is a clear indicatidnater
insoluble Au-surfactant complex solubilised intacalie. As the concentration of CTAB increases fi@804 M to
0.5 M, the formation of orange colored precipitdigappears. The amalgamation of CTAB and HAlUkqueous
solution results in the formation of CFAAUBr,]’, an organic salt which is solubilized by the aatdnt micelles to
form metallo-micelles [16].

The role of CTAB in the formation of GNR can be sglated as follows:

a) It has got very high affinity towards gold saltughforming a very strong complex leading to thandstion of
reduction process.

b) It protects instant reduction of Alby caging the complex inside the micelle (Fig. 3).

¢) The vectorial growth of nanorod is possible duthepreferential adsorption of CTAB on its surffte].

ONE DIMENTIONAL GROWTH OF GNR

METALLO-MICELLAR

COMPLEX RS .49l iy
L ) f \ / DIRECTION CF THE£4—]: '— JIRECTION OF THE
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> &b - Ve [110]
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A AgBr FACET
—_ Au +1
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—
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Fig. 3 — Schematic diagram exhibiting the Zipping rachanism of gold and CTAB micelle
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The increasing CTAB availability leads to the fotioa of double layered structures called micellgghin which
the crystal growth occurs [18]The above reaction happens at 20°C at which CTABxpected to exist as single
layer micelle with the ammonium group in contacthathe surrounding water molecules and the hydrbjghtail
directed inwards in to the micelle. Since the “Knadint” of CTAB is around 20°C, the synthesis dfi& with high
aspect ratio is possible [19].

[AuCl,]" + 4CTAB<» CTA-[AuBg|+ 4Cl- + 3CTA

Abanrbancs

- - . * aWTEET | :" a &
Figure. 4 — Gold nanoparticle formation using diffeent concentrations of CTAB(A) UV-Vis spectra and
TEM image of GNR synthesized using (B) 0.2 M (C) 0.M and (D) 0.008 M CTAB.

The shape anisotropy exhibited by GNR in the presef CTAB is determined by symmetry reduction whis
correlated to cyclic penta-twining of the FCC ledti The transformation from spherical isotropic dse¢o
anisotropic growth of the isometric penta- twinethoparticles leads to the rapid elongation aloegctimmon 110
axis, evidently the process is autocatalytic [18,]2

o et Bt s

Fig. 5 - Gold nanoparticle formation using differert concentrations of Silver Nitrate (A) UV-Vis specta; and
SEM image of GNR synthesized using (B) 4 mM and (& mM AgNO;

Impact of Slver Nitrate on GNR Synthesis:

The impact of silver nitrate was studied usingetiht concentrations 1, 2, 3, 4, 5 and 6 mM in gnhoselution can
be deduced the UV-Vis-spectra (Fig. 5A) that sptarnanoparticles were synthesized when 1 and 2 sihir
nitrate was added whereas addition of 4mM silveérate caused GNR synthesis of high aspect ratiothéy
increment in the silver concentration (5 and 6 nhd&) to red shift of LSPR causing increased agjpict (Fig. 5¢).
The optimum silver concentration for GNR synthes&s found to be 4mM since at this concentratiomwgn
occurs from a specific facet and allows directealgh of rods. In the presence of CTAB, the emptefa of GNR-
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CTAB interface allow unregulated deposition of gahdthe growth solution leading to the formation pénta-
tetrahedral twined structures having aspect ratibé range of 3-4.

To confirm whether the tuning GNR of desired aspatib is due to silver or nitrate; a trial usingt@ssium nitrate
salt (4mM) was performed. It was found that asitmc strength increases, there is drastic transdtion from
anisotropic structure to spherical nanoparticldse TV-Vis spectra depict the pivotal role of siliens in the
growth of GNR. However, the impact of potassiunratg was inhibitory to GNR synthesis. In presenée o
potassium nitrate, the absence of LSPR confirmsttigananorod formation is prevented. Moreoveis dnly silver
ions which play critical role in nanorod synthesisl not the nitrates. The results obtained by splemhalysis were
consistent with electron micrographs shown (Fig. 6)

EHT =10.00 kv Signal A=InLens  Date 10 Dec 2010 EHT =10.00 kv Signal A= InLens  Date :10 Dec 2010
WD = 48mm Mag= 6927 KX  TIFRMumbai Photo No.= 2633 — WD = 48mm Mag= 98.64KX  TIFRMumbai Photo No. = 2630

A B

1.8 -
1.6 -
14 4
1.2 -

0.8
0.6 -
0.4
0.2

AgNO3
----KNO3

0 200 400 600 500 1000 1200

Figure. 6 — SEM of GNR formation (A) in the presene and (B) in absence of Silver Nitrate and (C)
supporting evidence for both by UV-Vis spectra

At low pH, ascorbic acid weakly reduces silver iodswever, complete reduction to Ag (0) is not [ilalss Hence,

it is proposed that there is formation of AgBr aigriGNR growth [21] AgBr plays dominant role in the synthesis
of stabilized GNR by getting deposited on 110 faadtrod surfaces at the gold-CTAB interface (tbaaentration
of AgBr is higher than K, of the bulk silver bromide) [22] . This facilitat@irected growth of GNR from a specific
facet which is less densely covered by CTAB or AgBus hindering unregulated deposition of Au atamshe
whole seed surface. Silver (Ag0) is also formedsnmall concentrations which creates a monolayerhengbld-
CTAB interface due to interfacial deposition [23,24

Impact of pH on GNR Formation:

UV-Vis spectra of GNR with growth solutions of @ifent pH (2.5, 3, 4, 6, and 9) were recorded (FigAt lower
pH (2.5 & 3), the samples exhibited both TSR artdreeable LSR peak. As the pH of the solution waseased,
the spectra showed only one peak between 500 -nBDihdicating the formation of spherical nanop#esc The
Gaussian shape of LSPR was lost when pH was mare3h The shape and size of the nanoparticles fueteer
confirmed using TEM showing rods of high aspedbrat pH 2.5 with flat tips. We contemplate thag ihcrement
in the pH leads to the disappearance of the rodeshgold nanoparticles and also increase in thersjty of the
nanoparticles. It was observed that the optimunf@HGNR synthesis was 2.5 which was the inhereatestf the
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growth solution for stable GNR synthesis. Howear,pH 3, there was blue shift in the LSPR peak tvhic
significantly implies that morphology of the GNRdognes bone like (inset in Fig. 5C) and hence tipecsratio
decreases.

The real jugglery behind the cardinal role of pHabrication of longer GNRs is slow reducing capaof the weak
reducing agent ascorbic acid used in the growthitienl in seed mediated synthesis of GNR. At lopldr the weak
reducing potential of ascorbic acid results in skeduction of Au (Ill) to Au (I). When seed solutids added into
such solution, further reduction of Au (I) to Au)(Gccurs, allowing its preferential deposition ontie facets of
seed nanoparticles. The weak reduction potentiasobrbic acid (+ 0.252V) at pH 2.5 may not congljeteduce
silver ions to Ag (0) leading to the proposal adiierent mechanism for GNR synthesis as discusselier in 2.3.
Additionally, at low pH, the increased repulsionivibeen GNR due to high concentration of iH the solution
facilitates the growth of GNR of higher aspectadfil].

The reducing capacity of ascorbic acid is not thestattributable feature affecting GNR synthesidifierent pH,
but CTAB also plays a magnificent role in the fotima of GNR with variation in pH values. Based b teport by
Pal and co-workers [23]it was speculated that as pH rises, the diamét€TéB micelle decreases thus, creating a
barrier for one-dimensional crystal growth. CTABncentration of 0.2M is much higher than the CMGnaich
regulated and one-dimensional faceted growth afdipcurs. At the optimum concentration (0.2M) amteerent pH
(3.5), CTAB acts as a soft scaffold and the diamefethe micelle becomes meticulous enough to alBWR
synthesis.

ABSORBAMNCE

100 600 BOOD  MODD 1200

WANELENGTH

Figure. 7 — Impact of pH on formation of GNR as stdied using (A) UV-Vis spectrophotometry showing GNR
peaks at pH 2 and SEM of GNR synthesized at (B) p# (C) pH 3, also showing bone shaped gold
nanoparticles in inset and (D) 10

As a matter of fact, the comprehension of the masherandi of alteration in the size and morpholo§yGNRs
with variation in pH needs a critical scrutiny withe assistance of a mass flow of information ftbmliterature. It
has been proposed from the earlier works that GptBgared by silver ion-assisted seed mediated miqibesess
four side surface with {110} facets and mainly {30énd {111} facets at its tips [22, 23, 24F5ince the surface
energy of 110 facet is higher than {100} and {1¥aget, this results in the adsorption of CTAB bdagnto the 110
facet [24, 25, 26]. This prevents the interactidngold atoms on such CTAB stabilized facet thuswihg its
preferential deposition onto 100 and 111 facetsifiog rod-shaped nanoparticles ((Fig. 8). Furtheemathen silver
nitrate is added into the growth solution, duedw pH as already mentioned above, silver bromidgB(A would
selectively adsorb onto the 110 facet of gold naeds. This navigates the deposition of gold atoms the 100
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facets of the gold nanoseeds. Thus, dense packi@gAB bilayers and AgBr on 110 facets pilots thepdsition of
gold atoms on (100) [23] facet thus forming longerd longer rods. But with increase in the pH, thisre
catastrophic deterioration in CTAB capping on (1f®et, resulting in the vulnerable deposition ofdgatoms on
such facets forming thermodynamically favorableesimal or ellipsoidal nanoparticles. As sugges®l p7, 28] he
alkalinity of the solution results in the replacaethef bromide ions with hydroxyl ions or ascorbaies to adsorb
on the micelle surface and form smaller CTAB meellThis desorbs CTAB molecules from the gold surface
allowing growth on the sides of gold nanopartid@sning spherical nanostructures.

Fig. 8 — Schematic representation of GNR showingsitdifferent facets

Impact of Temperature on Fabrication of GNR

The comparative spectra and transmission electiorographs at different temperatures (Fig 8 A &ildig 9 A-
D) signify the decrease in the longitudinal plasmesonance peak with increase in temperature. A€ 3thel spr
at 743 nm shows the highest aspect ratio of 3.41fictwis uppermost among nanorods synthesized aitladir
temperatures. At lower temperatures (4 anti@Rthere is homogeneity, in the morphology of goéthoparticles.
As the temperature increases, there is drasticgehamthe morphology of the particles exhibiting thominance of
cubical and triangular nanostructures which carcdr&#irmed by the appearance of longitudinal peaksnd the
spectroscopic examination (Fig.9A). An exorbitagditiire of the plot derived from the aspect ratiat&faperature
(Fig. 9B) is the declining aspect ratio with redpectemperature. Also, the nanorods at this teatpes exhibit
considerable monodispersity as seen in the TEM én{&ig. 10). With increase in temperature, the eispatio
reduced to minimum at 100°C (aspect ratio 2.1).shewn in the TEM image, at 100°C the concentratbn
nanospheres is dominant over rods (< 30 % GNR).

25 4 13
*
2 12,5
=]
3 5 ¢
Zs 5 U ¢
c 2 115
&1 <
=
11+
0.5 * . .
10.5
0 T 0 20 40 60 80 100 120
4100 600 800 1000 1200

Temperature °C

wavelength nm

A B
Fig. 9 - (A) Comparative UV spectrophotometric analsis of GNR at different temperatures (4°C, 20°C, BC,
60°C, 90°C and 100°C), (B) Plot of Temperature vets Aspect Ratio showing maximum aspect ratio of 1@4
at 20 °C after which there is decrement in the aspe ratio as the temperature increases from 60°C t&00°C

However, the exact quantification of the GNR yields not done. The nature of the graph in fig. d&ves
consistent blue shift from 743nm to 622nm. Thstidctive morphology and optical behavior of the FGIst
gradients of temperature ranging from 4°C to 10@%a€ be explained considering two most fundameattebutes
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restricted to the colloidal interactions at differéemperatures. These two fundamental featuresharenhanced
molecular agitation and thermal fluctuations legdio the massive molecular disorderness (increas&dpy) [16,
17]. The second aspect is critical micelle con@diutns of cationic surfactant CTAB at different fmmatures.
CTAB has a “Kraft point” at 20°C which is the ternngeire at which micelles are formed. The doublesiayg
structure created by CTAB, allows uniquely shapedtal growth to occur. The stability of GNR ispgmdent on
the physicochemical parameters such as CTAB coratet at26C. At 4£C, the CTAB exist as single layer
micelles with ammonium groups interacting with thgrrounding water molecules and the hydrophobidnsha
bound to GNR. With increasing temperature the impéentropy, as mentioned earlier, becomes donhileaaling
to the destabilization of the micellar structur&isTaugments the concentration of CTAB to form mane more
double layered structures which is significanttfoe synthesis of GNR. This is due to the fact thate surfactant
molecules become available at temperatures abd\@ #us supporting crystal growth along the 1D agmulting
in higher aspect ratio. Furthermore, increment hie temperatures above °80leads to increase in thermal
disorderness, thus reducing the aspect ratio o&thR [17]

Fig. 10 - Transmission electron microscopic imagef gold nanoparticles exhibiting the influence of (A 20 °C,
(B) 37° C, (C) 80° C and (D) 100°C

Impact of Centrifugation at Different Rotations per Minutes on GNR

There is considerable heterogeneity in the shape®ld nanoparticles in the solution made withistention to
fabricate nanorods specially using seed mediatatiadgFig. 12a &b) These mixtures of GNR as welspkeres
make considerable impact on the sedimentation rategold nanoparticles, making it a complex multydi
interaction problem . Under such critical circunmstas, the separation of GNR from mixture of sphamas rods
becomes a daunting task. Predictions of a conergiation, particularly in the quest of separatiagarods, require
non equilibrium thermodynamics which remains aidift task even for spherical nanoparticles [ZBhis is
mainly due to: (a) Ever-changing reactions and shapnsitions in the solution of gold nanoparticids
Heterogeneous nature of the solution (c)The knogéeaf exact kinetics of the rates of reactions @)dEntropic
constraints due to increased Brownian motion.

However, the results were not consistent at allrgra. This may be due to difference in surplus afapeters
which play fundamental role during centrifugatidrddute colloidal solutions.

The mother gold colloidal solution was synthesibgdnodifying Mostafa El Sayed'’s protocol. In orderexamine
the impact of centrifugation a set of 5 ml of GN&Rusion was subjected to the centrifugation speethf5,000 to
9000 rpm. The comparative study of the morphologywell as spectroscopic properties was gauged kngus
Transmission electron Microscopy (TEM) (Techne) &8hdVis spectroscopy (Perkin Elmer Lambda 25).

The mother solution before centrifugation, as safter the spectroscopic studies, exhibited twosipaaks at 530
and 779 nm corresponding to the TSR and LSPR of3N® respectively. The striking feature of the speds

feeble absorption intensity at both the peaks. Thiigure shows the presence of spheres as wellasdgen in the
TEM image (Fig. 12 a & b). After the centrifugatiab 5000 rpm, there is slight separation of the Gitfhe side
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wall. The spectrum shows higher intensity of TSEhwai slight red shift from 779 to 830 indicating tbresence of
high aspect ratio GNRs. However, there is more eotration of the gold nanospheres than nanorodem@Emed
by the TEM which is improved situation than motlsedution (Fig. 12 ¢ & d). The impact of 8000 rpnasw
noteworthy. The spectrum explains the presencdrohg LSPR with red shift. The TEM image shows kigh
percentage of the GNR with moderately high aspeaibd.rAs the centrifugation speed increases thetspa gets
distorted due to the destabilization of the GNFCa#\B double layer gets disrupted resulting in tamoval of high
concentration of CTAB in the solution. Even, thedposcopic scrutiny of the pellet settled at bottshows the
presence of dual peaks and both gold nanosphedesaarorods in the TEM image. The presence of tHe ab the
bottom is due to the fact that shorter and thicker settles down at the bottom rather than at ide walls as per
the theoretical explanations[30] .As per our earleoretical confrontations, the behavior of nartiple in a
solution is purely a function of effective mass dndtion coefficients. In a comparative mathematicalculation
considering the ratio of effective mass and frictamefficients, the ratio of velocities of rods amheres under the
influence of centrifugal field, is chiefly regulateby the relative diameters of the particles. Toistifies the
presence of rods on the sides of the tube.

=)
L« 5000 rpm
zZ
@ B ==—=7000rpm
g 13
§ w— 5000rpm

1 w— G000rpm

0.5 === Before centrifugation
0 N
4] 200 400 600 300 1000 1200

Wavelength {nm)

Figure. 11 - Surface plasmon resonances of GNR aiffdrent centrifugal speeds and graph showing aspéec
ratio at different values of LSPR

= -
Fig. 12 - Transmission electron micrograph of GNR{ &b) before centrifugation and samples centrifugedat
(c) 5000rpm and (d) 8000 rpm

BELET

In order to unravel the theory behind such resultsneed to consider the fundamental differencenvéheod and a
sphere are subjected to centrifugal force. Theertffce in the shapes imposes a very important gaearwhich
needs to be considered called friction factor. &tascale, the friction can be explained by Reynoldsber Re).
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For sedimentation problems arising at nanoscale IRg@ife at low Reynolds number). Reynolds numbie &
pUL/y) is dependent on viscosity))( density of the fluid f) and most importantly speed of centrifugation ur o
case (U) and length of the nanoparticles (L). lorshthis property is interplay between inertiablanscous forces.
The coefficient of frictions, which is a functiofi Reynolds number, is same for spherically isotrapanoparticles
(Ramaswamy, 2001). In a broader sense, spheriésdyopic nanoparticles consist of all polyhedralbic,
icosahedral and octahedral structures leaving behamorods for a separate treatment in order topoeimend its
sedimentation properties. In case of nanorodsrtbgoh coefficient is dependent on the alignmehthe nanorods
during the synthetic procedure. This is by theudrdf the fact that the friction experienced patdth the rod is half
of the transverse collapsing rods [31, 32. 33.34,Bba stark contrast to the settling property of gpherical
nanoparticles which settle in the direction of tipgvity anisotropic nanoparticles, because of tipaict of
Brownian storm, sediment at an angle to the divectif the effective gravity which can deviate upl®5° in case
of a thin nanorod [35]. Moreover, orientation of B the solution plays pivotal role under the uefhice of gravity
as well as centrifugal force. In the solution tleatinuous dynamic status of nanorods having equadiasion due
to the influence of intense Brownian fluctuationsces them to sediment at a distance comparalileiolength.
This theory also supports the unequal spatialiligion of spheres as well as rods after centrifioga

In a solution containing heterogeneous mixture wis@ropic particles, the dynamics of surroundiraytiple
accelerates the velocity of the particle. This nosé particle interactions (Hydrodynamic interacts) makes the
sedimentation velocity as an additive propertyadisientation velocities of single spheres. Moreptles thermal
diffusion or Brownian movement influences the sestitation of a particle during centrifugation. FerthSelf-
Sharpening effect enhances the sedimentation spe#te particles which lag behind due to the cotredion
dependence of the drag thus separating differehtiaique sized particles [30].

CONCLUSION

It can be concluded that Gold Au (l1l) forms metathicellar complex with CTAB resulting into staldeld nuclei,
which is used as a scaffold for Nanorod synthebisthe growth solution, after addition of optimwoncentration
of Au (lll) — CTAB, reduction of Au (1) to Au (l)is possible due to Ascorbic acid. Further golddseduce Au
(1) to Au (0). Due to low pH, low reduction potegitiof Ascorbic acid further reduces Silver ionsSitver bromide
which can occupy (110) facet of gold nanorod allgywnly one-dimensional growth at the tips. The rf nitrate
was completely ruled out for GNR formation as itnfied Spherical nanoparticles only in the absenc®ileér and
presence of Potassium nitrate. The temperaturheofvhole reaction system was kept at 20°C whidhés'Kraft
point” of CTAB allowing suitable solubilization @fold ions into the surfactant forming micelle. Hipaa pertinent
method to separate GNRs from other shapes usintyifagation is developed. It is due to the influenof
centrifugal force that rods were deposited at thiess of the centrifuge tubes and larger rods alauiiip
nanoparticles of other shapes were found at theimadf the tube.
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