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Simulation of the Optical Absorption Spectra of Gold Nanorods as a Function of Their
Aspect Ratio and the Effect of the Medium Dielectric Constant
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Gold nanorods with different aspect ratios are prepared in micelles by the electrochemical method and their
absorption spectra are modeled by theory. Experimentally, a linear relationship is found between the absorption
maximum of the longitudinal plasmon resonance and the mean aspect ratio as determined from TEM. It is
shown here that such a linear dependence is also predicted theoretically. However, calculations also show
that the absorption maximum of the longitudinal plasmon resonance depends on the medium dielectric constant
in a linear fashion for a fixed aspect ratio. Attempts to fit the calculations to the experimental values indicate
that the medium dielectric constant has to vary with the aspect ratio in a nonlinear way. Chemically, this
suggests that the structure of the micelle capping the gold nanorods is size dependent. Furthermore, comparison
with the results obtained for rods of different aspect ratios made by systematic thermal decomposition of the
long rods further suggests that the medium dielectric constant is also temperature dependent. This is attributed
to thermal annealing of the structure of the micelles around the nanorods.

Introduction correlation between theory and experim&r€21The surround-
ing medium, often referred to as the capping material, is however

In recent years the interest in the preparation and character- f ti . it " tion foll d b
ization of nanostructured materials has grown constantly because’’ Jreat Importance as it prevents aggregation followed by
recipitation of gold and other metal particles in solution.

of their distinctive properties and potential use in technological P . .
applications:2 Since the electronic, magnetic, and catalytic ~ Gan$“extended Mie's theory to prolate and oblate spheroidal
properties of these particles depend mainly on their size and particles averaged over all orientations. For gold nanorc.)ds.the
shape, one of the desired goals is to control the morphology of plasmon resonance then §pl|ts into two modes: one longitudinal
metal and semiconductor nanoparticled Shape control has ~ Mode along the long axis of the rod and a transverse mode
successfully been demonstrated for platinum nanopartieles ~ Perpendicular to the first. MaxwetiGarnett theory'722an

well as for metallic carbide nanotub&s Furthermore, gold ~ effective medium theory, is also often used to describe the
nanorods have recently been prepared by electrodeposition ofoPtical properties of metallic nanoparticles. MaxweBarnett
gold into nanoporous alumifia! and by an electrochemical theory computes the_ eﬁectlv_e _(complex) d|elec_tr|c functlon of
method with the aid of shape-inducing miceltés. the composite material consisting of the metallic nanopatrticles

In addition to the recent interest in the shape control of and the surrounding medium (host material). From this dielectric

nanoparticles, the optical properties of noble metal particles with function the refractive index and the absorption can be
their intense colors have fascinated scientists since the turn ofc@lculated. The shape of the particles can be included in this
this centuryt314For example, spherical gold nanoparticles show theory by a screening parameter. Martin and co-wofkérs®

a strong absorption band in the visible region of the electro- have used and modified the MaxwelBarnett theory to model
magnetic field at about 520 nm. This absorption, called the the absorption spectra of gol_d nanoparticles with shgpes that
plasmon absorptiof:16 is absent for very small particles (2 Vary from oblate or pancakelike _to prolate or need_lellke. The
nm and smaller) as well as for bulk gold. It originates from the 90!d nanorods are embedded in a porous aluminum oxide
oscillation of the free electrons (6s-electrons of the conduction Membrane, in which they are well separated and aligned parallel
band in the case of gold). Migfirst described this phenomenon  t0 €ach other. The optical absorption spectrum shows only one
theoretically by solving Maxwell's equations for a radiation field Plasmon band, which blue-shifts with increasing aspect ratio in
interacting with a spherical metal particle under the appropriate @greement with the theoretical simulations.

boundary conditions. The only material-related functions and  We have used Gans’ theory together with the known dielectric
constants in Mie’s theory are the complex dielectric function function for gold” and modeled the optical absorption spectra
of the metal and the dielectric constant of the surrounding ©f several colloidal gold nanorod samples with varying aspect
medium. The plasmon absorption band also depends on the sizéatios. We were able to derive a simple relationship between
of the particles and many attempts have been made tothe absorption maximum of the longitudinal plasmon resonance
experimentally correlate the absorption maximum and the and the aspect ratio and the medium dielectric constant. A linear
plasmon bandwidth to the actual particle size with overall dependence of the absorption maximum on the aspect ratio as
moderate succe$:2° An inhomogeneous size distribution and Well as on the medium dielectric constant was found for a

different surrounding media in various studies complicate the constant value of the other parameter. Comparison with
experimental results, where the mean aspect ratio was deter-
* Author to whom correspondence should be addressed. mined by transmission electron microscopy (TEM), indicates
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Figure 1. Left: Experimental U\*vis absorption spectrum of a gold nanorod sample with an average aspect ratio of 3.3. The band at 525 nm is
referred to as the transverse plasmon resonance, while the one centered at 740 nm is called the longitudinal plasmon absorption. Right: TEM image
of the same solution.

that the organization of the capping material surrounding the The average aspect ratios and the absorption maxima of their
gold nanorods differs for rods with different aspect ratios. longitudinal plasmon resonance are listed in Table 1.
Furthermore, the fact that the absorption maximum of a certain  Using an extension of the Mie theory it is attempted here to
rod having a specific aspect ratio is found to depend on its explore theoretically the relationship between the aspect ratio
method of preparation (either by adjusting the conditions of the of the gold nanorods and the position of this absorption
method or starting with a distribution of larger rods and maximum. According to Gang;?°the extinction coefficieny
thermally changing it to the distribution requifédsuggests of randomly oriented particles in the dipole approximation is
that the organization of the micelles around the nanorods is
kinetically and not thermodynamically controlled. 2:rNVemB’2 (1/P]-2)e2
= 1

Experimental Section 4 31 ,z 1-P )2 . @)

The gold nanorods were prepared in micelles using an €t _ €m| €
electrochemical method described previoudlyhe electro- )
chemical cell consisted of a gold (anode) and a platinum plate
(cathode). An additional silver plate is placed behind the Pt
eleptrqde. The electrolyte solu!tion consisted. of a hydlrophilic surrounding mediumy, the wavelength of the interacting light,
cationic surfactant_, he_xadecyltrlmethylammon|um brom_|de, and gng ¢ and e, are the real and complex part of the material
a hydrophobic cationic cosurfactant, tetradecylammonium bro- gie|ectric function. The latter one is frequency dependent, while
mide or tetraoctylammonium bromide. Thg ratio between these emis assumed to be a constaRtare the depolarization factors
surfactants con_trols the average aspect ratlo'of the gold nano.rodsfOr the three axes, B, C of the rod withA > B = C. They are
The electrolysis was carried out for 45 min with an applied afined as
current of 5 mA at a temperature of 42 and under constant

m

where N is the number of particles per unit volum¥, the
volume of each particlegy, the dielectric constant of the

ultrasonication. The nanorods were separated from spherical 1— e2[ 1. 1+

nanoparticles by centrifugation. P,= 26 In(1 — e) - 1] (2
The UV—vis absorption spectra were recorded on a Beckman ¢ 12 €

DU 650 spectrophotometer. The size and shape distributions 1-P,

of the nanorods were determined from the TEM images of the Pg=Pc.= 3)

evaporated solutions on carbon-coated copper grids. A Hitachi
HF-2000 field emission TEM operating at 200 kV was used.
Normally, 300 particles were counted in determining the
distributions for each sample.

Results STNIT (’%‘)2 @

Figure 1 shows the absorption spectrum and a TEM image The ratioA/B is the aspect rati®.
of one of the prepared samples. The average aspect ratio of With the known values for the complex dielectric constant
these nanorods is 3.3 and they have two absorption maxima atof gold?” eq 1 is plotted in Figure 2 for different aspect ratios
525 and 740 nm corresponding to the transverse and longitudinalwhile the medium dielectric constant was fixed to a value of 4.
mode, respectively. This sample was also used for the thermallt can be seen that two maxima are present in the simulated
reshaping studies presented elsewR&r&even more gold absorption spectra corresponding to the transverse and longi-
nanorod samples were prepared by the method described in théudinal resonances. The absorption maximum of the transverse
Experimental Section. Their average aspect ratio was controlledmode shifts to shorter wavelength with increasing aspect ratio.
by the ratio of surfactant molecules to cosurfactant molecules. This trend for the transverse mode of the surface plasmon

where
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TABLE 1: Absorption Maximum of the Longitudinal
Plasmon Resonancdmax and Average Aspect RatioR of the 750 e =4.0
Electrochemically Prepared Gold Nanorod Samples and the =35 A
Respective Values Obtained by Thermal Reshaping 700 B "
i P e =3.0i% Y
preparation thermal reshaping = 650 " 4 i of
Amax R €m? Amax R e€m? (\\5/ 600 ,"\ ; :’ ‘ll
780 nm 3.7 4.0 740 nm 3.3 4.2 o 200 2° 3035 40 45 P
749 nm 35 3.9 722 nm 2.9 5.0 Q o Py
740 nm 3.3 4.2 700 nm 2.6 5.6 3 2
709 nm 3.0 4.3 682 nm 2.3 6.9 S 100l A
673 nm 2.7 4.6 2 ]
660 nm 2.65 4.4 ®
656 nm 25 4.8 0
610 nm 2.1 6.0
aThe medium dielectric constaaf, was calculated as outlined in w00 50 6(',0 780 BOLO T e00

the text.
wavelength A / nm

Figure 3. Calculated absorption spectra of elongated ellipsoids with
varying medium dielectric constaat using eq 1. The aspect ratio was
fixed at a value of 3.3. The inset shows a plot of the maximum of the
longitudinal plasmon band determined from the calculated spectra as
a function of the medium dielectric constant. The solid line is a linear
fit to the data points. The dotted line is a plot of eq 8 with a aspect
ratio of 3.3.

25 3.0 3.5
aspect ratio R

the relationship between the absorption maximum of the
longitudinal mode and the aspect ratio and the medium dielectric
constant can be regarded as linear for the range examined in
Figures 2 and 3. (The fit in Figure 2 has a regression coefficient
of r = 0.99928, and in Figure 8 = 0.99989). This is an
important conclusion because it cannot be seen directly by
T S ——y considering egs-14. It especially shows that the effect of the
medium dielectric constant should not be underestimated.
wavelength A/ nm If these linear dependencies hold, then it would further be
Figure 2. Calculated absorption spectra of elongated ellipsoids with interesting to derive an equation which allows us to predict the
varying aspect ratioR using eq 1. The medium dielectric constant absorption maximum of the longitudinal mode for a certain
was fixed at a value of 4. The inset shows a plot of the maximum of o0 0t ratio and dielectric constant instead of calculating the
the longitudinal plasmon band determined from the calculated spectra . . A
whole absorption spectrum. This can be done by considering

as a function of the aspect ratio. The solid line is a linear fit to the data - N~ X
points. The dotted line is a plot of eq 8 with a medium dielectric that the resonance condition for the longitudinal mode is roughly

100

absorbance (a.u.)

constant of 4. fulfilled if 2°

oscillation of randomly orientated nanorods predicted by Gans’ (1—Pye

theory is in agreement with the results of Martin and co- €= Y Am (5)
workers??%26 who also find a blue-shift of the plasmon Pa

maximum using Maxwet-Garnett theory. On the other hand,
the absorption maximum of the longitudinal mode red-shifts  The real part of the gold dielectric functien is wavelength
with increasing gold nanorod aspect ratio. However, the effect dependent. However, a plot ef vs the wavelength of the
on the longitudinal mode is much more pronounced showing a interacting light in the interesting range between 500 and 800
variation of over 100 nm. Furthermore, the relative intensity nm is found to be nearly linear, and a fit gives the following
ratio of the longitudinal to the transverse mode increases with values for the intercept and slope with a regression coefficient
increasing aspect ratio. of 0.99956:

In Figure 3 eq 1 is plotted for different values of the medium
dielectric constant with a fixed aspect ratio of 3.3. In this case €,(A) = 34.66— 0.07 (6)
both maxima shift to longer wavelength and the intensity of
both resonances increases with an increasing medium dielectri
constant. Again, the longitudinal mode is more sensitive.
Therefore the remaining discussion will be limited to the

CSimilarly, plotting (1— Pa)/Pa as a function of the aspect ratio
R between 2 and 4 and linearizing yields

longitudinal mode only. This is also justified by the fact that 1—-p

the absorption band in the experimental spectrum is a superposi- A — _3.40+ 2.4R (7)
tion of the transverse mode of the nanorods and the plasmon Pa

absorption of the spherical gold particles that are present in

solution as impurities in the rod synthesis. with a regression coefficient of 0.99846. Combining egs/5

In the insets of Figures 2 and 3, the absorption maximum of then gives
the longitudinal resonance is plotted against the aspect ratio and
the medium dielectric constant, respectively. The solid lines Amax = 33.34¢,, R — 46.31¢,,+ 472.31
represent linear fits to the points, which were determined from
the calculated absorption spectra. This clearly demonstrates that = (33.3R— 46.31F, + 472.31 (8)
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Figure 4. Plot of the absorption maximum of the longitudinal plasmon Figure 5. Dependence of the medium dielectric constant on the aspect
resonance against the aspect ratio as determined by TEM. The circlegatio obtained if the medium dielectric constant is used as a variable
correspond to different preparations while the squares are the resultsparameter to match the experimental absorption maximum of the
obtained by thermal reshaping. The solid lines are linear fits to the longitudinal plasmon resonance. The circles correspond to different
experimental data points. The dashed line corresponds to eq 8 with apreparations while the squares are the results obtained by thermal
medium dielectric constant of 4.2. This value was chosen as to matchreshaping. The solid lines are obtained with the help of the linear
the sample shown in Figure 1, which was also used for the thermal regressions in Figure 4 as explained in the text (eqs 9 and 10).
reshaping studiefR(= 3.3, Amax = 740 nm).
the nanorods. The points in Figure 5 were calculated by solving

Equation 8 is plotted in the insets of Figures 2 and 3 as the eq 8 with the experimentally determined absorption maxima
dotted line for a fixed dielectric constant of 4 and a fixed aspect and aspect ratios for the different samples as listed in Table 1.
ratio of 3.3, respectively. Very good agreement is found with These values of the medium dielectric constant are also included
the data points calculated by the full expression of eq 1 evenin Table 1. The solid lines are obtained setting eq 8 equal to
after the two simplifications in eqs 6 and 7 were made. This the linear regressions in Figure 4 and solvingdgas a function
therefore suggests that the assumptions made in the derivatiorof the aspect rati®. This yields the following equations:

of eq 8 are acceptable.
_103.7R— 80.20

Discussion ‘m ™ 33.3R— 46.31 ©)
The theoretical calculations were carried out in order to 58.9R — 75.02
compare them with experimental data. Especially the relation- ‘m T 333R— 4631 (10)

ship between the average nanorod aspect ratio determined by
TEM and the absorption maximum of the longitudinal plasmon A dependence of the medium dielectric constant on the
resonance was of great interest to us. The values of the averag@anorod aspect ratio means in more chemical terms that the
aspect ratios and the absorption maxima for the eight different structure of the surrounding micelle is different for different
samples prepared electrochemically are given in Table 1 andnanorod sizes. The micelle consists of two surfactant molecules,
are also plotted in Figure 4. Indeed, the experimental data pointshexadecyltrimethylammonium bromide and tetradecylammo-
can be described by a linear relationshig4 = 392.11+ nium bromide or tetraoctylammonium bromide, and prevents
103.7R with r = 0.99676) in general agreement with other the nanorods from aggregation and precipitation. Their respec-
experimental results:12 Also included in Figure 4 are the tive ratio controls the length of the gold nanorods suggesting a
experimental data points obtained after thermal reshaping of different environment for each prepared sample due to a different
the sample shown in Figure 1 R 3.3, Amax= 740 nm). They composition of the micelles. The exact arrangement of the
follow a linear trend as wellihax = 547.29+ 58. R with r = molecules within the micelle and their interaction with the gold
0.99519). surface are however not known at the moment. The assumption
Surprisingly neither of the two experimental lines can be that the organization of the molecules at the gold surface might
matched by eq 8 for a single value of the medium dielectric differ for rods of different length seems very reasonable and
constant. Varyingm can reproduce the right slope for either this in turn would lead to a variation in the effective medium
line, but the intercept also depends @p The broken line in dielectric constant. Values between 3 and 7«fgare also very
Figure 4 is a plot of eq 8 with a medium dielectric constant of reasonable when compared to other organic chemicals with
4.2. This value ofey was chosen in order to match the structures similar to the surfactants used in this sfidy.
experimental absorption maximum of the sample with an  From Figures 4 and 5 it is also obvious that the thermal
average aspect ratio of 3.3 which was also used in the thermalreshaping of the nanorods alters the structure of the micelle
reshaping studies and represents a common point for the twosurrounding the smaller rods, which stay in solution. A
experimental lines (same sample as shown in Figure 1). reorganization of the micelle structure due to an elevated
If the medium dielectric constant is however treated as an temperature causes the gold nanoparticles to have a different
adjustable parameter the experimental absorption maxima careffective environment characterized by a higher value for its
be well reproduced for each sample by eq 8. This would then dielectric constant as monitored by the longitudinal surface
mean that the medium dielectric constant becomes size dependplasmon oscillation of the nanorods. This suggests that the
ent and varies in a nonlinear fashion with the aspect ratio as structure of the capping micelles of a certain rod at room
shown in Figure 5¢p, increases with decreasing aspect ratio of temperature prepared by thermal reshaping is different from the
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one of a freshly prepared sample with the same average aspect (2) Alivisatos, A. P.J. Phys. Cheml1996 100, 13226.

ratio. Heating the micellar solution could anneal the structure  (3) Henglein, A.J. Phys. Cheml993 97, 8457. _

of the micelles capping the gold nanorods. This suggests that, A(4)Sﬁi';'r‘]“§edl"ggé32-;7x\"i‘gghz- L.; Green, T. C.; Henglein, A.; El-Sayed,
the originally synthesized sample has a micellar structure that ™ ° S X . o

LT . . (5) Dai, H.; Wong, E. W.; Lu, Z. Y.; Fan, S.; Lieber, C. Mlature

is kinetically, rather than thermodynamically, controlled. Heating 1995 375, 76.

the solution anneals the structure toward the more stable () wong, E. W.; Sheehan, P. E.; Lieber, C. Btiencel997, 227,
thermodynamic structure with a higher value of the dielectric 1971.

constant. (7) Yang, P.; Lieber, C. MSciencel996 273 1836.

Equation 8 is an excellent approximation for the region  (8) Morales, A. M.; Lieber, C. MSciencel99§ 279, 208.
considered here (aspect ratio ranging from 2 to 4 and a Che(nz).lggzség'sﬁdc;)ﬂomyak' G. L. Tierney, M. J.; Martin, C. R.Phys.
Wavelength range of'500. to 800 nm), but applying this simple (10) Martin, C. R.Chem. Mater1996 8, 1739.
theory (dipole approximation) to an inhomogeneously broadened  (11) y. d. zande, B. M. I.; Bohmer, M. R.; Fokkink, L. G. J.;
sample and proposing a change of the medium dielectric Schonenberger, Q. Phys. Chem. B997 101, 852.
constant as shown in Figure 5 deserves some caution. Therefore (12) Yu,Y.; Chang, S.; Lee, C.; Wang, C. R.L.Phys. Chem. 8997,
Raman experiments (especially surface-enhanced Raman scaf0% 6661.

tering SERS) should be carried out to test the predictions made (13) Mie, G.Ann. Physiki908 25, 377.
in this paper. (14) Gans, RAnn. Physiki915 47, 270.

. . . . . . . 15) Kerker, M.The Scattering of Light and Other Electromagnetic
A last interesting point which should be raised in this Raﬁ,iaﬁion Academic Press: Nengork, g1969. ’

discussion is the fact that eq 1 depends on the aspect ratio only. (16) Bohren, C. F.; Huffman, D. Rbsorption and Scattering of Light
The actual size of the particles is not considered in this dipole by Small ParticlesJohn Wiley: New York, 1983.
approximation which is usually applicable to sizes of less than _ (17) Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters
1/10 the wavelength of the interacting light. Our particles have SPinger: Berlin, 1995. .
a typical length of about 60 nm and a width of 20 nm and are (18) Kreibig, U.; Genzel, USurf. Sci.1985 156 678.

. - L . . . (19) Cini, M. J. Opt. Soc. Am1981, 71, 386.
theref_ore just W|th|n_the I_|m|t of_ the dipole approximation. _The (20) Alvarez, M. M. Khoury, J. T.. Schaaff, T. G.: Shafigullin, M. N.
question however arises if multipole terms have to be consideredvezmer, I.; Whetten, R. LJ. Phys. Chem. B997, 101, 3706.
for larger particles with the same aspect ratio and if the  (21) Persson, NJ. Surf. Sci1993 281, 153.
absorption spectrum might change for much smaller particles 38ézz) Maxwel-Garnett, J. CPhilos. Trans. R. Soc. Londdr04 203,

of the same aspect ratio. )
(23) Foss, C. A.; Hornyak, G. L.; Stockert, J. A.; Martin, C.JRPhys.

. . Chem.1992 96, 7497.
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