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Optical Properties of Gold Nanorods: DDA Simulations Supported by Experiments
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Simulations of the absorption efficiency using the discrete dipole approximation (DDA) method and taking
into account the real shape of gold nanorods are reported. A dominant surface plasma band corresponding to
the longitudinal resonance is observed. Its maximum positigpshifts to the red as the aspect ratio increases.

The transversal dipolar and multipolar mode wavelength positions are also discussed. These data are in good
agreement with previous theoretical work based on classical electrostatic predictions and assuming that gold
nanorods behave as ellipsoidal particles. From the experimental point of view, good agreement with the
published data for gold nanorods is obtained.

I. Introduction II. DDA Simulations

There is currently a great deal of interest in metallic nanorods _ "€ DDA method is a numerical method first introduced by
due to their shape-dependent optoelectronic propérisesh Purcell and PennypacKérin which the object studied is
as strong surface-enhanced Raman scattering (SER®)es- reprgsented as a cubic lattice Nfpolarizable pomt' dipoles
cence? and anisotropic chemical reactivityall of which can localized atr;, i = 1, 2, ... ,N, each one characterized by a
be used in various applications. Gold nanorods, as a typical polarizability a;. There is no restriction on the localization of
example, have been given much more attention due to theirCUb.'C lattice sites so that thg_ DDA represents a pgrtlcle of
stability and sensibility in biochemistry and have become arb|trarﬁ/ shat)_e_an_(; c?mlposmon. Thet O_bjEe(;t.k_'iiv\enXC'Led by a
promising candidates for sensing or imaging applicatfofs. m?noc kro_ma/|c TC;,;/E,{] P aned\jlvamc(tk )= 9t' \f[V erti
date, a number of investigations for synthesizing gold nanorods f, 4w, K= wic = » G, andz are the position vector, the
have been reported including a porous aluminum oxide mem- time, the angular frequency, t.he.wave vector, the speed of light,
branef an electrochemical method with surfactant molecules a_nd the wavelength .Of the. incident light, re_sp_ectwely. !Ea_ch
as diréctin agentsa seed-mediated growth method with the dipole of the system is subjected to an electric field consisting
aid of ceg/ltr?methylammonium bror%]ide (CTAB)and a of two main contributions: the incident radiation fieighc; and
photochemical methodi.Among these methods fhe seed- the field radiatgd by. all other'induced dipolEgp;. The local
mediated route has been widely investigated by several field at each dipole s then given by eq 1.
groupséab.19However, the rod formation mechanism is still not
very clearly understood because the reaction system for particle
elongation seems to be very complicated. A slight change in

the content of any single component such as HAUGHNO;, Pi is the dipole moment of thigh element, andy; with i = j is

reducing agents.ascorbic acid, NaBh), surfactant (CTAB), 5 interaction matrix with 8 x 3N matrices as elements
or seed would lead to a large change in the morphology and yescrined by eq 2.

the size of the nanorods.
The discrete dipole approximation (DDA) mettbtas been i (1
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extensively developed in the past few years for the specific study Aj*P; = [rijzpj -
of nonspherical nanoparticles. Recently, a number of groups
have compared the optical properties obtained from experiments
and DDA simulations for silver nanoprisrisilver nanodiskd? 3Py (2)
and copper nanocrystals with arbitrary shaffes.

Here, simulations using the DDA for Au nanorods are  The N-coupled complex linear equations given by eq 3 are
reported. They are compared to previous theoretical work basedsolved, and each dipole momentis determined.
on the classical electrostatic approdek Very recent experi-
mental data obtained by other groups are also explained with Pi =y joc 3)
the DDA method-?~14 The main idea underlying our approach
is that the well-matched simulation with respect to the experi-  The absorption cross sections for a defined target in terms of
mental observations could clearly explain each resonancedipole moments can be derived:

plasmon band appearing in the absorption spectrum. N
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where * means the complex conjugate. We defined the absorp-
tion efficiencies aans= CandA, WhereA = mag?, andaey is
defined through the concept of an effective volume equal to
4ﬂaeﬁ3/3.

In all the calculations presented here, we consider gold
nanoparticles described by the dielectric functipmeasured
by Palik®

The surrounding media dielectric constant enters into the
calculation through a factogp which is contained in the
polarizability ;. The explicit formula foro; was developed by
Draine and Goodmal.To match the experimental conditions
of gold nanorod synthesis, the dielectric constgnised in the
calculations is 1.77, which corresponds to the value for water

where the nanorods are dissolved. Compared to simulations

obtained in a vacuum, and reported, in general, in other
papers;11a significant nonlinear red shift of plasmon resonances
is observed.

To solve the complex linear equations in the DDA, the code
adapted by Draine and Flaf&is used. In actual practice, there

are significant advantages associated with summing over the

dipole fields in eq 1 using the fast Fourier transform metkbd,
and in substituting egs 1 and 2 into eq 3, we obtain a relation
of the form A'-P = E that we can solve with the complex
conjugate gradient technique&’ is a AN x 3N matrix built
from A, and for a system with a total ™ elementskE andP

are N-dimensional vectors. One of the advantages of this
technique is that it allows a certain arbitrariness in the
construction of the array of dipole points that represent the
studied target of a given geometry. For example, the geometry
of the grid where dipoles have to be located is usually chosen
to be cubic but it is not uniquely determined. Obviously, the
gridding associated with the DDA calculation created distortion

of the rod surfaces, but except for the layer closest to the surface,

fields are smooth and well converged. In a recent publicafion,
the question of the number of dipoles needed to mimic the

continuum macroscopic particle (to approach a homogeneous

particle) with an array of discrete dipoles is treated. The answer
is not straightforward, because the convergence of physical
quantities is related to this number. Typically, cross sections
calculated with the DDA are accurate to a few percem i

10* dipoles are used. To avoid problems with the accuracy of
the simulations, a very large number of dipoles (40 000) have
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Figure 1. (A) Simulated absorption spectra of nanorods with a width
of 7.5 nm and the following different lengths: 25 nm (- --), 27 nm
(——-)29nm ¢ -—), 40 nm ¢ - +), and 50 nm ). (B) Simulated
absorption spectra of nanorods with a width of 15 nm and the following
different lengths: 25 nm (- - -), 40 nm—), 50 nm ¢ — —), 60 nm
(—-), 75 nm¢--), and 100 nm+{ - —).
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Figure 2. Simulated absorption spectra of nanorods with a length of
25 nm and the following different widths: 20 nm-(— —), 15 nm
(---), 10 nm ¢ - —), and 7.5 nm ).

been used for calculations. As presented previously, we have a

matrix of (3\)2 complex elements that would require a large
amount of computational effort.

I1l. Results and Discussion

In the following, theoretical calculations of the absorption
efficiencies using the DDA method are compared to experiments

either published (see refs 8d, 21, and 22) or presented below.

The major change in the absorption spectrum of gold
nanorods is the position of the well-known longitudinal mode
LM. To find the influence on the resonance maximapay of
the geometrical parameters of nanorods such as Witltangth
L, and aspect ratio AR, defined by the length divided by the
width, a batch of simulations, considering each parameter, is
performed.

Let us first consider gold nanorods having a fixed widt# (
= 7.5 nm) and various length®5, 40, and 50 nm. Thémax
values of the LM mode appear at 773, 984, and 1159 nm,
respectively (Figure 1A). Upon increasing the widthvib=
15 nm, theimax values of the LM mode are centered at 661,
722, and 780 nm, respectively (Figure 1B). The simulated

absorption spectra obtained at various widths and a fixed length
(L = 25 nm) show a blue shift of thénax position (Figure 2).

It can thus be concluded that, at a fixed width, the increase in
the length induces a red shift of the LM mode maximum.
Furthermore, at fixed lengths, the LM mode maximum is blue-
shifted upon increasing the width. Hence, the AR is the key
parameter in the optical properties of gold nanorods.

The Amax position increases linearly with the nanorod length
L. However, the value of the linear increase depends on the
width of nanorods. Figure 3A shows a sharper slopeVior
7.5 nm (see squares) compared to that obtaineWfer 15 nm
(see triangles). This is confirmed by published experimental
data8d-21 Figure 3A reports the slope deduced from the work
of Al-Sayed et ak! on gold nanorods withV = 10 nm (circles)
and that of Peez Juste et & with W = 26 nm (diamonds). In
both cases, the experimental conditions are the same as those
considered in the calculation (mainly the refractive index of
the surrounding media= 1.33). To explain the differences in
the slope oflmax versud., simulations are performed for various
widths. Figure 3B shows the slope markedly decreasesWith
To a first approximation, we describe the behavior of this slope
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Figure 3. (A) Position of Amax (hm) versus the nanorod length.
Simulation results using the DDA for a width of 7.5 nm (squares), a mental data from other papé&#2! (diamonds, circles). To
width of 15 nm (triangles), a width of 10 nm from Al-Sayed efal.  confirm this claim, gold nanorods with different aspect ratios
(circles), and a width of 26 nm from Rez-Juste et & (diamonds).  gre synthesized in our laboratory (see the Appendix). Rather
(B) Calculated slope of the related line plotted in part A versus the 4", yreement (see crosses) with the other experiments and
width W of the nanorods. From left to right, the corresponding circles ~. ; - . . .
are forW = 7.5 nmW = 10 nm.W = 15 nm, andW = 26 nm. simulations presented above is obtained (Figure 4). The slight
discrepancy between the wavelength position of the experimental
1300 data and the theoretical line can be explained by the fact that

the refractive index taken in the simulation & 1.33) is

E 1200
‘% 1100 probably different in the experiments. Al-Sayed et'ahave
£ 1000 shown, with a micellar solution of a water/glycerol mixture,
4 %0 that increasing the amount of glycerol in the micellar solution
s implies a slight red shift ofyax In the comments on their paper,
g 700 Yan et al?3 derived a simple relationship between the absorption
g o0 maximum of LM, the aspect ratio AR, and the medium dielectric
I constanteq:
400
A= (52.95AR— 41.68), + 466.38 (6)

Aspect Ratio (AR)

Figure 4. Position ofimax (nM) versus the aspect ratio of nanorods. Taking into account the refractive index = 1.77 of the
Simulation results using the DDA method (black circles) and the surrounding medium, the previous eq 6 giviasx = 93.72AR
) X .

corresponding fit (straight line). Experimental data from the work of L .
Al-Sayed et aP! (open circles) and fez-Juste et & (diamonds and + 392.6, which is very close to eq 5 obtained by the DDA

squares). Experimental data from our study (crosses) extracted frommethod. . ) . .
We compare the present simulations obtained with the DDA

Figure 6.
) _ method with simulation results of a model using the Gans theory,
Sversus the nanorod wid¥ by the function that is an extension of the Mie theory with a geometrical fattor.
_ This theory was first used for elongated particles by Lebedeva
S=aW+b et al.2*and the first experimental evidence supporting the Gans
with a = 133 andb = —2.6. Considering the fact thal/ = theory was .obtalne.d by Skillman et 2élfo; sHyer ellipsoids
: : embedded in gelatin. van der Zande et’alising Lebedeva
L/AR, this equation becomes . . . e .
calculations found linear behavior similar to that described

before with the same slope. Moreover, the extreme shift of the
longitudinal resonances to the longer wavelengths with increas-
ing aspect ratio is clearly observed by Yu ef&dnd is exactly
what the electrostatic theory appro&tH predicts for a similar
case of gold prolate nanospheroids. In this case, the trend
predicted by the classical electrostatic theory is very close to
our simulation results.
Up to now, we have not taken the transversal dipolar mode
Amax= 96AR+ 418 5) TM or the multipolar resonance mode into account. The well-
known position of the TM is determined at 535 nm in Figure
The above theoretical results are compared with recent experi-5, which is the corresponding enlargement of Figure 1 in the

S=(aAR/L) + b

This shows thas linearly increases with AR and is inversely
proportional toL.

Figure 4 shows the linear variation @fax with AR. The
best fit of the simulated data is obtained for the following

equation:
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TABLE 1: Experimental Conditions and Size of Au Nanorods
aspect length width Amax CTAB HAuUCl, AgNO;3

Figure 6 ratio (nm) (nm) (nm) (M) (10* M) 10° M) [L-aa)/[HAUCL] [Au] seed[HAUCI 4]
A 4.0 28.6 7.1 784 0.095
B 3.7 33.3 9.0 770 0.095
Cc 33 29.8 9.1 736 0.14
D 3.0 26.5 8.7 720 0.048
E 2.7 22.9 8.5 688 0.024
F 2.2 10.7 4.9 668 0.0024

range 456-750. The assignment of this transversal dipolar mode
has been already done by both experiméhtand theoretical
work using the Lebedeva calculatiéhln our experimental size
range where the nanorod width is inferior to 10 nm, the position |
of this resonance is unchanged whatever the nanorod length is
(Figure 5). Nevertheless, Figure 2 shows that, by increasing this
width to 20 nm, this resonance red-shifts and becomes pre-
dominant (marked by an arrow). Moreover, Figure 5B shows
clearly that, by reducing the aspect ratio of the particles, the
intensity of this resonance increases. This is not surprising, since,
for an aspect ratio of 1, the two resonance modes TM and LM
should be of the same order with only a slight difference in
their positions.

Even though these Au nanorods are rather small (in size),
multipolar resonance (at least quadrupolar mode) of the LM
cannot be excluded in this range. As the near field around the
particle is not well described in this approximation, the DDA
cannot assign a specific multipolar order to a given geontétry.
Nevertheless, as shown in Figure 5, one can assert that high
multipolar excitation intensities marked by arrows are due to
size effects because they are more pronounced for large sizes
(L = 50, 100 nm). Those assumptions are in agreement with
previous works on silver cylindefd® The fact that those o ) ] o )
multipolar resonance positions are the same Vo=t 7.5 nm, Figure 6. TEM images of gold nanorods with different aspect ratios.
L =50 nm) and W = 15 nm,L = 100 nm) in parts A and B . . ) .
of Figure 5, respectively, can be explained by the similar aspect'S added, followed by shaking the solution vigorously. The

ratio in the two structures considered. growth solution (total volume of 8 mL) contains HAu&H,O
(4.0 x 1074 M), CTAB (0.095 M), and Ag (6.0 x 10> M),
IV. Conclusions and the molar ratio of reducing agent (6:4 1074 M) to

[AuCl,7] is kept at 1.6:1, and they are added in a test tube one
In this paper, we demonstrate that the optical properties of by one in that order. In the final stepgt2 h aged seed solution
Au nanorods are mainly governed by the longitudinal dipolar is added into the growth solution, and the final seed concentra-
mode, that is, by the aspect ratio of the nanocrystals. The tion [Au]seeqis 5.0 x 10~7 M. The mixed solution is stirred
simulations presented in this paper are in good agreement withvigorously for 20 s and then left undisturbed overnight.
our studies and very recent experimental data and with previous  Figure 6 shows TEM imag@of gold nanorods with different
theoretical work based on classical electrostatic prediction and aspect ratios. The details of each synthesis are given in Table
the Gans theory. The DDA approach appears to be a very usefuli, The differences in shape and size of Au nanorods show the
tool for the study of the precise optical properties of nanorods, limitation in reproducibility under the same conditions (Figure
and for clearly explaining each resonance plasmon band arising6A,B). Figure 6C-F shows that the concentration of CTAB
in an absorption spectrum. plays a crucial role in controlling the shape and size of Au
nanoparticles.
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