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Gold nanorods have been the first successful example of anisotropic plasmonic nanostructure
synthesized by wet-chemistry.' Since the early 2000’s, they have received increasing attention
because of their tunable optical (plasmonic) properties, which render them ideal candidates for a
wide range of applications, such as solar harvesting,” photovoltaics,’ surface enhanced

spectroscopies,™ sensing™®’

and therapy,”® to name a few. A direct consequence is that a broad
variety of researchers with a wide range of backgrounds are currently interested in exploiting their
optical properties. Therefore, fast, easy, scalable and reliable methods for the synthesis of gold
nanorods are necessary for their actual implementation in new technologies, which could have a
direct impact on our future every-day life. During the past two decades, a huge effort has been made
to decrease the size dispersity of colloidal gold nanorods; unfortunately we have not achieved
sufficient reproducibility of the synthetic protocols, understood as the possibility of reproducing

them in a different working-environment. The reason is that small details and “tricks” are generally

left out in the experimental section of dedicated publications.

In this viewpoint article we highlight all the synthetic aspects that generally remain in the shadows,
in order to provide the scientific community with a user friendly guide for the production of gold
nanorods. We present in Scheme 1 an informal representation of the optimization of synthesis

methods to achieve the required quality.



Scheme 1. Optimization of synthesis methods can be achieved through careful tuning of various

parameters such as reactants concentrations, which influence thermodynamic and kinetic aspects of

seeded growth.

GENERAL COMMENTS

First of all, we point out some general aspects that must be considered in a wet nanochemistry lab

prior to facing the improvement in performance and reproducibility of synthetic procedures.

-Know your water. The quality of the water supply used for the synthesis is one of the main sources
of irreproducibility. Milli-Q water is deionized and filtered but not distilled. As a consequence, the
presence of contaminant traces cannot be excluded. Mass spectrometry is an appropriate tool to
check water quality, but HPLC grade water can be purchased as a quality standard. Another
important water-related parameter is pH, which can dramatically influence the aspect ratio of your
nanorods (see below). It should be noted that pH may be different even after Milli-Q purification,
meaning that re-optimization may be required, typically through systematic tuning of AgNO;

concentration (in our laboratories water pH ranges between 5 and 5.5).

-Chemical Supplier. Many of the chemicals used in nanosynthesis may include different possible
contaminant traces, depending upon brand and batch. Every synthesis paper should thus report the
supplier name as well as the purity of each chemical, and attention should be paid to this
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information when trying to reproduce a published protocol. In the specific case of Au nanorod
synthesis, CTAB purity is the main issue: back in 2008, Smith and Korgel demonstrated that the
same synthesis in the same laboratory can result in a completely different product by simply

changing the CTAB supplier.”'’

-Glassware cleaning. Although this may seem obvious, it is important that the entire lab
environment be kept clean, but particular care should be taken when cleaning the glassware. Each
piece must be washed first with soap and water, then soaked in aqua regia (ca. 10 min), rinsed
thoroughly with water, washed with Milli-Q water and dried. Vials using caps with internal metallic

surface should be avoided, as this is a potential source of contamination.

-Store the stock solutions. A common practical way to organize and speed-up your work is the
preparation of stock solutions for each reagent. Therefore, it is essential to keep record of the
preparation date of every stock solution, as well as proper storage conditions. If aimed for Au
nanorod synthesis, CTAB can be stored for long periods of time, simply avoiding high
temperatures, but for AgNOs and ascorbic acid we recommend the preparation of fresh stock
solutions after a maximum of 7 days, storage in the fridge (4 °C) and in a darkened beaker for
protection against light. Additionally, when handling a silver salt, contact with any metallic
instrument should be avoided (use a plastic spatula, or the wide side of a Pasteur pipette to weigh
it). Tetrachloroauric acid (HAuCly) is a hygroscopic salt: a convenient way to prepare a stock
solution is to use the entire content of the sealed bottle, weighing the full and empty container to
calculate the exact mass. The stock can then be split in glass vials (ca. 10 mL) and stored in the
fridge, protected from sunlight, for a long period of time (>12 months). However, stock solutions
should be discarded if visible changes are observed (dark lid for AgNOs, yellowish color for

ascorbic acid, insoluble material for HAuCly).
GOLD NANOROD SYNTHESIS STEP BY STEP

The mechanism behind the formation of Au nanorods is still a matter of much interest, since a
general mechanistic model would allow us to identify specific guidelines for the design of a

synthetic pathway for each nanostructure.''™*

Xia’s group recently published a highly informative
perspective article dealing with the distinction between thermodynamic and kinetic control during
crystal growth.'” An entire section of this paper is dedicated to the symmetry breaking event, a
necessary step in the development of anisotropic structures, such as nanorods. The main message is
that stabilization of crystallographic facets and anisotropic growth are different issues, the former

being under thermodynamic control and the latter under kinetic control. Keeping this consideration



in mind, it is not surprising that Au nanorod synthesis requires both thermodynamic and kinetic
control, which significantly increases the number of parameters that should be taken into account.
This can be easily seen by simply considering that a gold nanoparticle colloid can be described by
the average diameter alone, while description of Au nanorods should include length, thickness,
aspect ratio, reduction-yield (how much precursor gets reduced) and shape-yield (the proportion of
formed particles that are nanorods). This consideration is translated in practice into the need for a
higher degree of control throughout the growth process, which is of particular relevance when the
goal is not simply the production of high-quality nanorods, but also a tight control on the actual

aspect ratio to be produced.

The historical turning point in the development of efficient nanorod wet synthesis methods was the
introduction of the so called seeded-growth protocol, where nucleation is performed separately to
prepare the seeds, which are subsequently added to the growth solution for nanorod production.'® In
fact, the conditions required for controlled growth are opposite to those needed for homogenous
nucleation, thereby allowing us to avoid the formation of new nuclei during the growth step. It is
worth mentioning here that even though so-called ‘seedless’ methods have been reported, they are
generally characterized by a lower product-quality and reproducibility. Furthermore, these methods
require the addition of small amounts of a strong reducing agent, typically sodium borohydride,
which leads to the in situ formation of seeds through partial reduction of the gold salt precursor into
Au(0). It is also important to decide whether you wish to prepare single crystalline or pentatwinned
Au nanorods. Although both are rod-like nanoparticles, they have different dimensions, surface
facets, twin defects, geometry, crystallographic habit and even composition. Pentatwinned nanorods
display a pentagonal cross-section, with [100] lateral facets, and [111] facets closing the crystal at
the tips, they typically have larger dimensions and higher aspect ratios, with longitudinal bands in
the NIR range, and are synthesized by growth on citrate capped twinned seeds under “silver-free”
conditions.” On the other hand, single crystal nanorods display smaller dimensions and aspect
ratios, the longitudinal plasmon band can be finely tuned from the visible into the NIR, and are
grown using CTAB capped single crystal seeds, in the presence of silver nitrate.'® There has been
some controversy regarding their crystallographic habit, but it seems to be accepted by now that
they show octagonal cross-section and high-index [520] lateral facets.'’ All together, these
considerations impose significant differences in the respective synthetic protocols, each with
different critical issues, which we analyze point by point in the discussion below. We analyze
separately the various components of a typical gold nanorod synthesis. All the discussions in this

viewpoint paper are summarized in the Experimental section (Supporting Information), where we



provide four detailed protocols for the synthesis of single crystalline and pentatwinned nanorods

that are used in our lab on a daily basis.

The Seeds. In the context of this work, seeds are small nuclei (typically below 5 nm) made of gold,
which serve as the starting point for the development of a more complex (anisotropic) structure.'**
It is thus obvious that a high quality seed solution is necessary to obtain high quality nanorods.
Ideally, the seeds should be monodisperse and display the same crystallographic habit, which in
practice is achieved by adding a strong reducing agent in excess (typically sodium borohydride,
NaBHy,, 6-60 equivalent),”’ as fast as possible and under vigorous stirring. As a tip, when preparing
a seed solution you should picture in your mind an instantaneous addition of the reductant to
achieve the simultaneous production of all nuclei, homogenously distributed in the entire solution
volume. Moreover, is important to remember that NaBH, is hygroscopic, and can react with the
water contained in the air; therefore, is important to weigh it as fast as possible and to prepare it
fresh every time. Two types of seeds can be used depending on the type of nanorods to be prepared:
CTAB capped seeds are used for single crystal nanorods and citrate capped seeds for pentatwinned
nanorods. The former are single crystalline (Figure 1B), with an average diameter below 2 nm, and
their solutions appear light brown, i.e. they do not show any localized surface plasmon resonance
(LSPR) band (Figure 1A); a red-pink shade would indicate the formation of bigger particles, which
are likely to compromise the quality of the final product. Even though seeds are highly reactive,
they can be stored between 27 and 29 °C for a couple of hours, which may also help to complete
decomposition of the remaining borohydride ions. Citrate capped seeds are slightly bigger (ca. 3.5
nm on average) and therefore present the typical red color of Au colloids, with an LSPR band
centered around 507 nm (Figure 1A). Their larger dimensions also enhance their stability up to few
days if stored in the fridge. It is important to point out that a mixture of crystallographic habits are
usually obtained, comprising single crystalline, monotwinned and pentatwinned populations
(Figure 1C), which has a major impact on the usual low shape-yield in the synthesis of

pentatwinned Au nanorods, typically around 30 %.



Absorbance

=
N
L

0-0 T T T T T ‘;1,
300 400 500 600 700 800 900 &
Wavelength (nm)

Figure 1. Au seeds for the synthesis of single crystal and pentatwinned Au nanorods. A: UV-
vis spectra of CTAB coated (a, black line) and citrate coated (b, red line) seeds. Inset: picture of a
typical seed solution: CTAB coated (a, left) and citrate coated (b, right). B-C: High resolution
transmission electron micrograph of single crystalline seed@CTAB and pentatwinned
seed@citrate, respectively; the histograms show the counting for single crystal (S), twinned (T) and

undefined (U) seeds. Adapted from Ref. [22].

The surfactant. The choice of CTAB as a suitable surfactant for the synthesis of Au nanorods
stems from the wealth of existing literature dealing with the rheology and phase behavior of CTAB
solutions, since at suitable concentrations CTAB was known to form rod-shaped micelles, which
were expected to induce anisotropic growth on spherical seeds.”> ™" This view slowly evolved into
the hypothesis that CTAB acted as a face-specific capping agent: in the subsequent two decades
numerous studies have been conducted with the aim of understanding the role of the surfactant on
anisotropic growth, changing tail length® and head group'® or using gemini surfactants,*’>° among
other variations; interestingly, several research groups came to the conclusion that the bromide
counterion has a more important role in the anisotropic growth than the surfactant itself. Even

though CTAB remains the most employed surfactant, we can identify three basic requirements to

achieve rod-like shape:

- A quaternary ammonium surfactant head group that forms a complex with the gold salt precursor

and modifies its redox potential.

- The presence of bromide as counter-ion, since any attempt to synthetized single crystalline
nanorods in either CTAC or BDAC alone failed unless minute amounts of bromide ions (ca. | mM)
are added to the reaction mixture, suggesting a key role of bromide ions in the symmetry breaking

pI‘OCCSS.31



- A carbon tail that is long enough to stabilize the nanorods, but short enough to achieve solubility

32
close to room temperature.

The gold precursor. Tetrachloroauric acid, HAuCly, is widely used in gold nanoparticle synthesis.
Therefore, three different oxidation states are involved: Au(Ill) in the precursor, Au(l) as
intermediate, and Au(0) comprising the nanoparticles.> Au(III) is a d8 soft metal center, forming
square planar complexes. According to Ligand Field Theory, the complexation strength of Au(III)
with halide ions follows the series: I > Br > Cl . Therefore, in the presence of CTAB the four

chloride ligands in AuCly” will be eventually replaced by bromide ions from the surfactant:

[AUCl,] === [AUCL;BI] <= [AUCI,BT)] <= [AUCIBl;] <= [AUBI] [
which is reflected in a color change from pale yellow to dark-orange yellow, with a final absorption
maximum at 396 nm.** Additionally, the AuBry ions will form an ion-pair with the quaternary
ammonium surfactant monomers which are neutral and therefore insoluble in water, requiring a
surfactant concentration with a 60:1 ratio to ensure dissolution.'® Both the AuCly to AuBry ligand
exchange and the AuBrs-CTA complex formation will influence their redox potentials, which are
cathodically shifted.®® Such a variation in the redox potentials will influence the growth kinetics.
Taking all this into account, it is important to ensure not only that the gold salt has been completely
dissolved, but also that ligand exchange has been completed. Moreover, an additional equilibrium
needs to be considered between all three Au oxidation states, which can be pushed towards
comproportionation or disproportionation reactions, depending on the relative stability of each
species in the mixture:
+ +
AU +2AU0 = 3AU [2]

In the growth solution, the most stable species is Au(I), meaning that the equilibrium is displaced
towards the comproportionation between Au(Ill) and Au(0), i.e. Au nanorods (or other Au
nanoparticles) will be oxidized in the presence of Au(II).**>" In this scenario, a central role is

played by the reducing agent, as discussed below.

The reductant. One of the key points in the seeded growth method is the use of a weak reducing

agent, so that gold reduction takes place only on existing nuclei in solution, which also act as

38,39
d,™

catalysts. Even though other reducing agents have been propose the most popular choice is

40,41
d.™

still ascorbic aci Upon addition of ascorbic acid to a growth solution containing a mixture of

HAuCly and CTAB, the reduction of Au(Ill) to Au(I) takes place, indicated by the solution turning



colorless (the ligand-to-metal charge transfer band disappears for a d'* metal center as Au(I)). This
is in fact an important step as it guarantees that when the seeds are injected into this growth solution
their oxidation by the favorable comproportion reaction (see above) is avoided. It is also crucial that
the reducing agent cannot complete the reduction of Au(I) into Au(0), i.e. secondary nucleation
during the growth step is prevented. In fact, the seeds act as catalysts for the final reduction step,
thereby inducing reduction of the Au(I) precursor on their surface only. Two possible mechanisms
have been proposed: (1) a disproportionation reaction catalyzed by the seeds produces Au(0) and
Au(Ill) (eq. [2] from left to right), the latter immediately being reduced again into Au(l) by

#2744 and (2) the Au(0) surface drains electrons from the reductant and catalyzes

18,45

remaining reductant,
the in situ reduction of Au(l). It should be noted that ascorbic acid features a pH-dependent
reduction potential, being lower under acidic conditions and higher at more basic pH values,*
which has been applied to modulate Au nanorod growth. In fact, if the pH is above 9 ascorbic acid
will be able to reduce Au(I) into Au(0), even in the absence of seeds, thus compromising the

seeded-growth mechanism.

Finally, another important issue involving the reductant is the reduction-yield. In fact, it is still
unclear if the gold precursor is entirely reduced on the surface of the growing rods, and otherwise

7% In order to measure the reduction-yield in a more convenient way, it is

why this is the case.
useful to employ a simple spectroscopic analytical method based on the absorbance of light with a
wavelength of 400 nm, which can be measured with a simple UV-vis spectrometer.”>* The idea is
to select a wavelength where the main contribution to absorbance comes from absorption related to

d,so’51 which would thus be used to determine the amount of

interband transitions in metallic gol
gold precursor that has been reduced, regardless of particle size and shape (note that large particles
will display strong scattering so the accuracy of this method would be compromised in this case).
We recently reported an experimental validation of this method for citrate-capped seeds,** but the
validity of this relationship for Au nanorods can also be demonstrated by numerical calculations
(based on the boundary element method, BEM™) of the extinction spectra of nanorods with
different aspect ratios and dimensions (Figure 2). When the simulated spectra were normalized by
particle volume (Figure 2A), the extinction cross section (equivalent in practice to absorbance) at
400 nm was found to be identical for all geometries. We thus plotted (Figure 2B) the absorbance at
400 nm as a function of nanorod volume, obtaining a perfectly linear relationship. This clearly
demonstrates that all Au nanoparticles with the same volume will equally contribute to the
measured absorbance at 400 nm. It is worth mention here that deviation from this relationship can

be observed for large particles, since then the scattering contribution to the extinction cross-section

becomes significant. To further confirm the experimental evidences we characterized several gold
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nanorod samples with different volumes and aspect ratios by UV-vis spectroscopy and ICP-MS
elemental analysis. As can be seen in Figure 2C, the variation of absorbance at 400 nm for the
different samples with the corresponding Au concentration determined by ICP-MS follows a linear
trend with a slope of 2.4. Therefore, a value of 1.2 for the absorbance at 400 nm corresponds to an
Au’ concentration of 0.5 mM. Noteworthy, an absorbance at 400 nm below the expected value
would indicate that part of the Au precursor remained in solution as Au(I), which in turn results in
slow reshaping and spectral blue shift, as has been reported by many groups, when nanorods are
aged for long periods of time. A simple centrifugation step can be used to remove the excess of
reagents and enhance the long term stability of Au nanorods (even for years). We estimate the
theoretical expected absorbance of a 0.5 mM solution of “nanometric” Au(0) starting from the value

of extinction cross-section (for volume unity) that we obtained from the calculations:
A= —Logjpe™"" 3]

where L is the optical path length (nm), o is the scattering cross-section of a gold volumetric unity
(nm?), and 7 is the volume fraction of gold (nm™). Using equation [3] we obtained a predicted
absorbance of 1.1, in good agreement with the experimental value of 1.2. Overall, calculation and

ICP-MS data confirm that:

- The reduction yield can be precisely estimated from the absorbance at 400 nm, regardless of
the shape and size of the nanoparticles.

- An absorbance of 1.2 corresponds to [Au’] = 0.5 mM (not accurate for larger particles, see
above).

- During a standard Au nanorod preparation there is quantitative reduction of the Au

precursor.
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Figure 2. Reduction-yield in Au nanorod synthesis. A: Calculated extinction spectra for Au
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nanorods of different aspect ratios and dimensions, normalized to the particle volume: AR = 3
(solid lines): 50x16.7 nm (black), 60x20 nm (red), 70x23.3 nm(blue); AR = 4 (dotted lines):
50x12.5 nm (black), 60x15 nm (red), 70x17.5 nm (blue); AR = 5 (dash-dotted lines): 50x10 nm
(black), 60x12 (red), 70x14 (blue). Note that the absorbance at 400 nm is constant for all spectra. B:
value of the extinction cross-section at 400 nm plotted against particle volume; the solid line is a
linear interpolation to the data, with a Pearson’s coefficient R* > 0.999. C: value of the absorbance
at 400 nm of different Au nanorod colloids plotted against [Au’] obtained from ICP-MS analysis.
The solid black line is a linear fit to the data, obtained by imposing a null y-intercept, with a
Pearson’s coefficient R? >0.994. The blue lines confirm the relationship: A4oomm = 1.2 & [AuO] =
0.5 mM.

Growth Kkinetics. The growth of Au nanorods is characterized in general by a slow kinetics,
meaning that several hours are needed to complete particle growth. Interestingly, significant
differences can be found between pentatwinned and single crystal nanorods, thus involving
different growth mechanisms. In the case of pentatwinned Au nanorods a constant red shift of the
longitudinal plasmon band is observed during growth, suggesting a gradual increase in aspect ratio
throughout the entire growth process (Figure 3A,B)."® Single crystal nanorods on the other hand
display a more complicated behavior in which we can distinguish three different stages (Figure
3C,D): initially the plasmon band redshifts quickly as the gold salt gets reduced (1), but then blue-
shifts (2), and the blueshift continues even after reduction is completed (3).>*> TEM analysis at the
different stages (Figure 3e-g) revealed that the growing particles initially display a dumbbell-like
morphology but then reshape into “perfect” rods at the later growth stage; calculations demonstrate
that such a reshaping can explain the blueshift of the longitudinal plasmon band.’*”* Assuming that
reduction takes place predominantly on the region of highest surface energy, i.e. at the tips of the
growing rods, the freshly reduced Au atoms should migrate along the surface to form the most
thermodynamically stable crystallographic habit. At a reaction temperature of 30 °C this process

can take several hours to be completed.'
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Figure 3. Kinetic optical study of Au nanorod synthesis. A: UV-vis-NIR spectra of growing
pentatwinned Au nanorods in solution. B: position of the longitudinal LSPR band as a function of
time (adapted from Ref. [18]). C: UV-vis-NIR spectra of growing single crystal Au nanorods in
solution. D: position of the longitudinal LSPR band (black) and value of the absorbance at 400 nm
(red), as a function of time; three different stages are distinguished: redshift and reduction (green),
blueshift and reduction (yellow) and blueshift no reduction (blue). e-g: TEM images of growing
nanorods at different growth stages, as indicated in D: at the maximum redshift of the longitudinal

LSPR band (e), at the end of reduction (f), at the end of growth (g) (adapted from Ref. [34]).

Silver ions. The specific role of silver ions in the synthesis of single crystal Au nanorods remains
unclear. Three main mechanisms have been proposed: (1) under potential deposition, (2) formation
of a Ag[BrCTA], complex that acts as a face-specific capping agent on the lateral facets of the
growing seeds and (3) modification of CTAB micelle formation through silver-bromide
interactions.”>***">* We deliberately leave out of this paper a detailed mechanistic study of the
role of the silver, but rather concentrate our attention toward its practical consequences on synthetic
protocols. The presence of Ag' ions is essential for the synthesis of single crystal Au nanorods,
while it hinders the anisotropic growth of pentatwinned nanorods. In the latter case, the absence of
silver as a surface active agent renders metal reduction “less” selective for nanorod tips. A lower
temperature is thus required to slow down the reduction and diffusion of reduced atoms on the

surface of the growing particles: typically, pentatwinned Au nanorods are synthesized at 20 °C,
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which in turn imposes a limitation on the maximum CTAB concentration that can be used (8§ mM
vs. 100 mM for single crystal Au nanorods). On the contrary, for single crystal Au nanorods, the
presence of silver simultaneously leads to higher selectivity for reduction on the tips (kinetically
influencing the symmetry breaking) and stabilization of lateral facets (thermodynamically
stabilizing the final product). In fact, Au nanorods can be synthesized at a much higher temperature,
but moderate reaction temperatures are usually selected, again to slow down the reduction and

achieve a narrower size distribution.

Additives. A recent trend in the Au nanorods community is the use of additional chemicals to
improve the quality of the material and the tunability of the synthetic protocol. The nature of these
additives (also known as co-factors) ranges from inorganic anions or cations to both aromatic and
aliphatic molecules. In this context, Murray and co-workers proposed the use of both salicylic and
oleic acid, which allowed them to reach a wider range of aspect ratios and dimensions while

. .. . . . 57-59
maintaining a narrow size dispersion.’’

In both cases the authors proposed a mechanism related
to the intercalation of the additive within the CTAB bilayer surrounding the growing particles,
which would increase its stiffness and therefore improve control over the symmetry breaking event.
It is however important to realize that these additives can also interact in various other ways with
the chemicals present in the growth medium. In a related study, we demonstrated that salicylic acid
can reduce Au(Ill) into Au(I), and this can be used as a pre-reduction step to tune the final aspect
ratio of the nanorods (see Experimental Section).> It should also be noted that, the carboxylic group
can alter the solution pH and form complexes with the gold precursor, thereby influencing its

reduction potential.*'*®

Purification. The shape-yield obtained after seeded growth is not always sufficient for the targeted
applications, in particular when high quality optical properties are important. This is particularly
bad for pentatwinned nanorods, which are typically obtained with a shape-yield below 30%. Several
purification methods have been proposed,” including centrifugation,® electrophoresis,®” selective
oxidation® and depletion interaction forces.* % Among these, the latter presents numerous
advantages, as it can be readily scaled up, it is both shape and size selective, relatively fast and
highly efficient. Depletion forces are attractive in nature but their origin is not particularly intuitive.
They arise when colloidal particles are suspended at low concentration, in the presence of a more
abundant population of smaller solutes (termed “depletant”), which are excluded from the space in
between the larger particles, thereby reducing configurational entropy. In a nanoparticle colloidal

suspension, surfactant micelles can be used as the depletant, creating an attractive force defined as:
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Ul = 2-Tm-A-N,:14‘;\-,(C—CcmC) T 4]
where 7,, Cen, C and AN are the radius, the critical micelle concentration, the analytical
concentration and the aggregation number of the surfactant, N,y is Avogadro’s number, and 4 is the
area of interaction between two adjacent particles. In this way, nanoparticles with different size and
shape can be selectively precipitated by changing the concentration of the surfactant.”” Figure 4
exemplifies the purification of both pentatwinned and single crystal Au nanorods, showing that the
less anisotropic by-product (spheres and decahedra for pentatwinned rods and spheres or cubes for

single crystal ones) can be separated overnight in a single purification step.
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Figure 4. Purification of Au nanorod colloids via depletion forces. A: TEM image from the
supernatant containing the synthesis by-product for pentatwinned rods. B: TEM image of purified
pentatwinned Au nanorods; adapted from Ref. [68]. C: UV-vis-NIR analysis of the purification of
pentatwinned Au nanorods, 16 hours after addition of CTAC solution: original product (black
curve), supernatant (blue curve) and purified nanorods (red curve). D: TEM image from the
supernatant containing the synthesis by-product for single crystal Au nanorods. E: TEM image of
purified single crystal rods. F: UV-vis-NIR analysis of the purification of single crystal nanorods, 2

hours after redispersion in CTAB solution. The color code is the same as that in C.
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Characterization. The main techniques required for Au nanorod characterization are UV-vis-NIR
spectroscopy and TEM. It is important to realize that they are complementary to each other and
both of them should be used in all cases. In our opinion, there is a general tendency to overestimate
the amount of information that can be derived from TEM analysis, and often optical data are
neglected or even completely omitted. In practice, an optical spectrum can tells to an expert eye
much more than a TEM image (Figure 5): the full width at half maximum (FWHM) and the shape
of the longitudinal LSPR band are excellent measures of size dispersion, while the plasmon band
position gives us a quick estimate of the average aspect ratio, the nanoparticles concentration can be
derived from the absorbance at 400 nm and the ratio between the maximum absorbance of the
longitudinal and transverse LSPR bands, as well as the presence of a shoulder on the transverse
band, are indications of the presence of by-products (Figure SA). On the other hand, a TEM image
can provide the particle dimensions with high accuracy, but if a fair reproduction of the three-
dimensional morphology is required electron tomography should be employed.® It is also important
to realize that a single TEM image is not the best way to demonstrate the absence of by-products,
since shape segregation has been reported to occur during drying, meaning that the by-product will

707 1t should be taken into

largely concentrate on a particular area of the grid (Figure 5B-C).
account that, in order to obtain sufficient TEM statistics for the length, thickness and aspect ratio of
nanorods, several images must be analyzed, ideally at different magnifications.” It is important to
mention in this respect that small angle X-ray scattering (SAXS) allows us to estimate the
dimension of nanorods directly from the solution, analyzing billions of particles, and if
complemented with small angle neutron scattering (SANS) it is also possible to investigate the

ligand layer surrounding the particles.”>"

Finally, the preparation method of TEM specimens also
deserves attention. The first important issue is the concentration of the surfactant, which should be
kept just below the cmc: hand shaking of the solution usually leads to bubble formation, but they
should quickly disappear. Secondly, the concentration of nanorods must be optimized: generally,
the sample should be concentrated to achieve an absorbance at 400 nm around 2.4. Finally, longer
drying times often result in a better organization of the nanorods on the grid.”>"® A tip: place the
TEM grid on parafilm® and deposit 5-10 pL of the nanorod colloid: the hydrophobicity of the

surface will prevent the drop from splashing, it will dry slowly on the grid within a couple of hours,

ensuring a uniform distribution of nanorods (Figure 5B).
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Figure 5. UV-vis-NIR vs. TEM characterization. A: Typical UV-vis-NIR spectrum of a single

crystal Au nanorod colloid. In the image we indicate the parameters that are indicative of product

quality. B-C: TEM images from the same TEM grid, showing the accumulation of isotropic

material at a certain spot (red dotted circle). Is important to notice that the shape-yield that can be

estimated from B and C is significantly different, both being biased.

IMPORTANT CONSIDERATIONS

We highlight in this section selected take-home messages that we consider important when dealing

with the synthesis of Au nanorods.

Importance of showing raw UV-vis-NIR data. UV-vis-NIR spectra provide a lot of
information: not only they reflect the quality of the material, but can also help others to
reproduce the synthesis. It is crucial in this respect to indicate whether the spectra have been
normalized and if so which was the normalization criterion, but keeping in mind that the
original raw spectrum can provide a reasonable estimate of Au nanorod concentration
through the absorbance at 400 nm.

A nice TEM image does not necessarily indicate high shape-yield. A TEM image alone is
not a sufficient indication of sample size dispersion and purity! It is necessary to acquire
several images at different magnifications, as well as registering the corresponding UV-vis-
NIR spectrum, which can also be used to assess the presence or absence of by-products.

Do you really need the perfect rods? Significant amounts of time and effort can be saved in
the preparation of the “perfect Au nanorod colloid” if we know what we really need for our
project. Just to give an example: if the nanorods will be drop-casted on a substrate, plasmon

coupling is expected, so it probably makes little sense to search for very low FWHM in the
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colloid. The same principle applies before deciding if a purification step is needed: no
matter which synthetic protocol you follow and how precisely you reproduce it, a certain
amount of by-products with different shapes will invariably be present along with your
nanorods. It is thus important to be sure if a 100% pure Au nanorod colloid is really needed.
Even if for a pentatwinned Au nanorod synthesis a shape-yield of 30% almost invariably
requires purification, for single crystal nanorods 90% purity can be readily achieved.

e Optimizing a protocol in your lab. In case you need to optimize a published protocol to your
needs, here are some general rules to keep in mind.
- [Ag"]: a higher concentration will increase the aspect ratio (for single crystal rods only).”’
- [ascorbic acid]: a higher concentration will decrease the aspect ratio.’’
- [seed]: a lower amount of seed will result in the production of larger nanorods, in general
with a smaller aspect ratio.”®
- [pH]: lower pH values will slow down the growth kinetics, leading to higher aspect
ratios.”’
The synthesis of Au nanorods relies on the ratios between all reagents involved. For this
reason the allowed range for each component is quite narrow, so we recommend to modify
multiple parameters rather than a single one.”®

e Larger volumes? ...not so easy. Scaling-up a synthesis method is not a trivial task! We are
faced with two major problems: diffusion and temperature. The first one is related with the
mixing rate of reagents: upon seed addition the growing particles should be uniformly
distributed in the solution; this is a very different job when dealing with 10 mL or with 2 L
of solution, and can significantly affect the quality of the product. Second, temperature is
extremely important in Au nanorod synthesis. When preparing the initial CTAB solution
one is usually tempted to warm it up so as to speed-up its dissolution, but cooling down a
large volume of water takes time; be sure that the entire solution reaches the desired
temperature before starting the growth. We suggest to start synthesizing small volumes of
solution (around 10 mL) to verify the quality of water and the stock solutions, and then face

scaled-up synthesis.
OUTLOOK

e Although Au nanorods display many advantages as compared to other nanostructures, an
important drawback is the difficulty in removing the protective CTAB bilayer.*® Even
though many procedures for successful surfactant removal can be found in the literature, an

obvious alternative would be a CTA -free synthesis of Au nanorods.
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e Pentatwinned Au nanorods may be advantageous for some applications, as they display
higher aspect ratios and better defined crystallographic habit, do not contain silver, etc.
There is however a strong limitation in the shape-yield, meaning that the development of a
better seeded-growth protocol is still necessary, which may be related to a better control of
seed production.

e The development of flow reactors for reproducible nanorod synthesis would have a large
impact on the industrial production and implementation of nanoparticles.'” These systems
can greatly enhance control over reaction kinetics, thereby increasing the tunability of the
existing protocols, and expanding our possibilities in the design of new nanostructures.”
Even though millifluidic systems have been proposed for Au nanorod synthesis, there is still

room to achieve acceptable levels of morphological and optical tunability.™

Quotes

“Know your water. The quality of the water supply used for the synthesis is one of the main sources

of irreproducibility.”

“Au nanorod synthesis requires both thermodynamic and kinetic control, which significantly

increases the number of parameters that should be taken into account.”

“When preparing a seed solution you should picture in your mind an instantaneous addition of the
reductant to achieve the simultaneous production of all nuclei, homogenously distributed in the

entire solution volume.”

“It is crucial that the reducing agent camnot complete the reduction of Au(l) into Au(0), i.e.

secondary nucleation during the growth step is prevented.”

“Au nanoparticles with the same volume will equally contribute to the measured absorbance at 400

2

nm.

“UV-vis-NIR spectroscopy and TEM are complementary to each other and both of them should be

used for Au nanorod characterization in all cases.”
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