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old nanorods exhibit transverse

and longitudinal surface plasmon

resonances that correspond to
electron oscillations perpendicular and par-
allel to the rod length direction, respec-
tively. Their longitudinal surface plasmon
wavelengths (LSPWs) are tunable from the
visible to infrared regions. Their absorption
cross sections are at least five orders larger
than those of conventional dyes, and the
light scattering by Au nanorods is several
orders larger than the light emission from
strongly fluorescent dyes.'™ The tunability
in the LSPW, together with strongly en-
hanced scattering and absorption at the
LSPW, makes Au nanorods useful for the
formation of many functional composite
materials, for example, with hydrogel,**
polymers,®” silica,® and bacteria.” Au nano-
rods also offer advantages of good biocom-
patibility, facile preparation, and conjuga-
tion with a variety of biomolecular ligands,
antibodies, and other targeting moieties.'®
They have therefore found wide applica-
tions in biochemical sensing,’" biological
imaging, medical diagnostics, and
therapeutics.'*'®

The effectiveness of Au nanorods as

scattering-based biomedical imaging con-
trast agents and as photothermal therapeu-
tic agents is strongly dependent on their
scattering and absorption cross sections. In
general, high scattering cross sections are
favorable for cellular and biological imag-
ing based on dark-field microscopy, while
large absorption cross sections with small
scattering losses allow for photothermal
therapy with a minimal laser dosage. In ad-
dition, the LSPWs of Au nanorods are
strongly desired to be in the spectral range
of 650-900 nm. Light irradiation in this re-
gion can penetrate deeper in tissues and

Www.acsnano.org

ABSTRACT Tailoring the longitudinal surface plasmon wavelengths (LSPWs), scattering, and absorption cross

sections of gold nanorods has been demonstrated by combining anisotropic shortening and transverse overgrowth

and judiciously choosing starting Au nanorods. Shortening yields Au nanorods with decreasing lengths but a

fixed diameter, while overgrowth produces nanorods with increasing diameters but a nearly unchanged length.

Two series of Au nanorods with LSPWs varying in the same spectral range but distinct extinction coefficients are

thus obtained. The systematic changes in the LSPW and extinction for the two series of Au nanorods are found to

be in good agreement with those obtained from Gans theory. Dark-field imaging performed on two representative

nanorod samples with similar LSPWs shows that the scattering intensities of the overgrown nanorods are much

larger than those of the shortened nanorods. The experimental results are found to be in very good agreement

with those obtained from finite-difference time-domain (FDTD) calculations. FDTD calculations further reveal that

the scattering-to-extinction ratio increases linearly as a function of the diameter for Au nanorods with a fixed

aspect ratio.

KEYWORDS: gold nanorods - surface plasmon
resonance - absorption -

cause less photodamage than UV-visible ir-
radiation.'” Therefore, the ability to tailor
both scattering and absorption of Au nano-
rods with different LSPWs is of ultimate im-
portance for practical in vivo biomedical im-
aging and therapeutic applications.'872°
Although the control of the LSPWs of Au
nanorods has been demonstrated in a large
number of experiments,?' 2 the experi-
mental ability to specifically tailor their scat-
tering and absorption cross sections has re-
mained elusive.

We have recently demonstrated aniso-
tropic shortening?® and transverse over-
growth®° of Au nanorods. Here we demon-
strate the tailoring of the scattering and
absorption cross sections of Au nanorods
by combining anisotropic shortening and
transverse overgrowth together and using
the same batch of starting Au nanorods.
Shortening produces thin nanorods, while
overgrowth yields fat nanorods. The
changes in the LSPW and extinction coeffi-
cient extracted from the extinction spectra

scattering - extinction - dark-field imaging

See the accompanying Perspective by
Odom and Nehl on p 612.
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Figure 1. Shortening of Au nanorods. (A) Extinction spectra acquired
every 2.5 min after the addition of H,0,. The volume ratio of H,0, to
the starting nanorod solution is 1:6. The extinction curves have been
scaled relative to the starting nanorod concentration. (B) Nanorod
shortening rate versus the volume ratio between H,0, and the nano-
rod solution. The line is a linear fit. (C)—(G) TEM images of representa-
tive Au nanorod samples obtained at varying stages of oxidation.
The volume ratio between H,0, and the nanorod solution is 1:60.
The oxidation time is 2, 3, 3.7, 5, and 5.5 h for (C)—(G), respectively.

of the two series of nanorod samples are found to be
in good agreement with those obtained from the mod-
eling based on Gans theory. Single-particle dark-field
imaging and spectroscopy performed on two represen-
tative batches of nanorod samples with similar LSPWs
show that the scattering intensities of the overgrown
nanorods are more than 1 order of magnitude larger
than those of the shortened nanorods. The experimen-
tally measured scattering intensity ratio between the
two batches of nanorod samples is close to that ob-
tained from finite-difference time-domain (FDTD) calcu-
lations. FDTD calculations further show that for Au
nanorods with a fixed aspect ratio the scattering-to-
absorption ratio increases as the diameter is increased.
Absorption is dominant for thin nanorods, while scat-
tering becomes dominant for fat nanorods.

RESULTS AND DISCUSSION

Shortening and Overgrowth. Anisotropic shortening and
transverse overgrowth are carried out using the same
batch of starting Au nanorods. Because the total num-
ber of nanorods remains unchanged throughout the
shortening and overgrowth process, the extinction
cross sections of the resulting two series of Au nano-
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rods can be quantitatively compared by acquiring their
ensemble extinction spectra. A typical transmission
electron microscopy (TEM) image of the starting nano-
rods is shown in Figure S1A in the Supporting Informa-
tion. Their sizes are relatively uniform, with an average
diameter of (17 = 2) nm, an average length of (74 = 6)
nm, and an average aspect ratio of 4.6 = 0.8. Figure
S1B in the Supporting Information shows the ensemble
extinction spectrum. Their longitudinal surface plas-
mon resonance peak is at 864 nm, with a full width at
half-maximum (fwhm) of 190 nm (320 meV). The extinc-
tion ratio of the longitudinal surface plasmon reso-
nance peak to the transverse one reaches 5.0, suggest-
ing that the percentage of nanorods in the solution is
extremely high.

The starting Au nanorods were shortened through
an oxidation reaction. H,O, was used as the oxidizing
agent because it is easy to handle and heating is not re-
quired, while in our previous shortening experiment,
O, was used and heating was necessary for the oxida-
tion to occur.?® Figure 1A shows a sequence of extinc-
tion spectra taken as a function of the reaction time
right after the addition of H,O,. The longitudinal sur-
face plasmon resonance peak blue-shifts gradually and
decreases in intensity during oxidation. It then becomes
a shoulder of the transverse surface plasmon reso-
nance peak and merges together with the latter. The
merging of the two plasmon peaks suggests the trans-
formation of nanorods into nanospheres. Au nano-
spheres are eventually completely oxidized, as indi-
cated by the final disappearance of the single extinction
peak. In addition, a weak peak appears around 400
nm, which results from the metal-ligand charge trans-
fer absorption of AuBr,, suggesting the oxidation of
Au(0) to Au(lll) by H,0,. In comparison, Au(0) is oxidized
into Au(l) when 0, is used.?®

The LSPW changes approximately linearly as a func-
tion of the oxidation time. The absolute value of the
slope obtained by linearly fitting the curve of the LSPW
versus the oxidation time can therefore be used to
quantify the shortening rate of Au nanorods under dif-
ferent conditions. The shortening rate can be simply
controlled by varying the volume ratio between H,0,
and the starting nanorod solution, which is another ad-
vantage of using H,0, as the oxidant. A plot of the
shortening rate (Figure 1B) shows that it increases lin-
early with the volume ratio between H,0, and the start-
ing nanorod solution.

The oxidation reaction can be stopped at intermedi-
ate stages by centrifugation and then redispersion into
aqueous solutions if the reaction is sufficiently slow. In
this way, Au nanorods with precisely controlled LSPWs
can be produced. These nanorods are relatively stable
in aqueous solutions, with their LSPWs remaining un-
changed for at least one week. Their stability can be fur-
ther improved by the addition of thiol molecules.?' Fig-
ure 1C—G shows the TEM images of five representative
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nanorod samples that were obtained at intermediate
stages of oxidation. Clearly, the nanorod length be-
comes smaller with increasing oxidation time.

Cysteine was used for transverse overgrowth. It car-
ries a thiol group at one end and a carboxyl-amino zwit-
terionic group at the other end. It can bind selectively
to the ends of Au nanorods and thus induce the over-
growth preferentially on the side surfaces of nano-
rods.>° The concentration of cysteine in the nanorod so-
lution is important for inducing transverse overgrowth.
If it is too high, starting and/or overgrown nanorods will
assemble in an end-to-end fashion and precipitate.®? If
it is too low, the overgrowth at the ends of nanorods
will not be completely blocked. Figure 2A shows the ex-
tinction spectra of the growth products obtained from
overgrowth with increasing amounts of the Au precur-
sor. The longitudinal surface plasmon resonance peak
blue-shifts, while the transverse one slightly red-shifts
as more Au precursor is supplied. Both peaks increase in
intensity. Figure 2B—G shows the TEM images of six
representative overgrowth products. The nanorods are
seen clearly to get fatter as the amount of the Au pre-
cursor is increased. They undergo a gradual shape
change from rods through peanuts to octahedra. These
nanorods are highly stable in aqueous solutions, with
their LSPWSs remaining unchanged for more than three
months. Such a high stability is probably due to their
large sizes.

The sizes of the nanorods obtained from shorten-
ing and overgrowth were measured from their TEM im-
ages. Through the shortening process, the nanorod di-
ameter remains constant, while the nanorod length
decreases steadily as a function of the oxidation time
(Figure 3A). The plot of the LSPW versus the aspect ra-
tio shows a linear relationship (Figure 3B). A linear fit-
ting of the plot gives a slope of (99 *+ 3) nm and an in-
tercept of (412 = 8) nm. Since the diameter of the
nanorods obtained from overgrowth varies along the
length direction, the diameter at the middle was mea-
sured. Figure 3C shows the variations of the diameter
and length versus the LSPW. As expected, the diameter
increases as the LSPW becomes shorter. In addition, the
length also increases when the nanorods are above a
certain size, but the increase in the length is slower than
that in the diameter. As a result, the aspect ratio gets
smaller with increasing amounts of the Au precursor,
leading to the blue-shift of the longitudinal plasmon
peak. Figure 3D shows the plot of the LSPW versus the
aspect ratio of the overgrown nanorods. A linear fitting
gives a slope of (94 = 4) nm and an intercept of (441
* 12) nm. The slope and intercept obtained for the
overgrown nanorods are very close to those obtained
for the shortened nanorods, respectively. The observed
linear relationship between the LSPW and aspect ratio
of Au nanorods is in good agreement with previous ex-
perimental results.?'°
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Figure 2. Overgrowth on Au nanorods. (A) Extinction spectra of the
growth products obtained by the addition of varying amounts of the
Au precursor solution into each aliquot of the starting nanorod solu-
tion in the presence of cysteine at appropriate concentrations. The ex-
tinction curves have been scaled relative to the starting nanorod con-
centration. (B)—(G) TEM images of the representative growth products
obtained from the overgrowth by the addition of 1, 3, 5, 18, 25, and 30
mL of the Au precursor solution, respectively, into 2 mL of the start-
ing nanorod solution.

The increase in the nanorod length is different from
what has been observed in our previous overgrowth ex-
periment, where the nanorod length remains nearly un-
changed.?® The different overgrowth behaviors can be
ascribed to the difference in the diameter of the start-
ing nanorods. The diameter of the starting nanorods
used in this experiment is (17 = 2) nm, while that in our
previous experiment is (10.3 = 0.9) nm. The end sur-
face area of the former is 2.7 times that of the latter. The
optimal cysteine concentration for a complete block-
ing of the longitudinal overgrowth is found to be ~0.1
mM in our previous experiment. Because the nanorod
concentrations in both experiments are estimated from
previously measured extinction coefficients**3* to be
~1 nM, it is expected that the optimal cysteine concen-
tration for the fatter starting nanorods used in this ex-
periment should be ~0.27 mM. However, it is found
that cysteine at such a concentration causes the precipi-
tation of overgrown nanorods due to cysteine-induced
nanorod end-to-end assembly. We therefore used a
smaller cysteine concentration, 0.15 mM, for the over-
growth using a small amount of the Au precursor and
raised the cysteine concentration to 0.25 mM when a
large amount of the Au precursor was used. The use of
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Figure 3. (A) Diameter (squares) and length (circles) changes of
the shortened Au nanorods as a function of the LSPW. (B) LSPW
versus the aspect ratio of the shortened Au nanorods. (C) Diam-
eter (squares) and length (circles) changes of the overgrown Au
nanorods as a function of the LSPW. (D) LSPW versus the aspect
ratio of the overgrown Au nanorods. (E) Peak extinction values
extracted from Figure 1A (upper triangles) and Figure 2A (lower
triangles) versus the LSPWs.

(

different concentrations of cysteine for the overgrowth
of differently sized nanorods leads to an incomplete
blocking of longitudinal overgrowth, but can ensure
that the overgrown nanorods are well-dispersed with-
out aggregation.

The use of the same starting nanorods for both
shortening and overgrowth allows for a quantitative
comparison of the extinction values between the two
series of resulting Au nanorods. The extinction values
extracted from Figures 1A and 2A are plotted together
as a function of the LSPW in Figure 3E. They should be
proportional to the nanorod extinction cross sections
because the total nanorod number remains unchanged
throughout both the shortening and overgrowth pro-
cesses. The extinction values of the shortened nanorods
decrease steadily as the LSPW gets smaller, while those
of the overgrown nanorods increase with decreasing
LSPWs. More importantly, the extinction cross sections
of the overgrown nanorods are larger than those of the
shortened nanorods. The difference in the extinction
cross section between the two series of nanorods gets
larger as the LSPW is decreased. This result suggests

) VOL.2 * NO.4 = NIETAL

that we can experimentally tailor the extinction cross
sections of Au nanorods with desired LSPWs by judi-
ciously choosing starting nanorods and carrying out
anisotropic shortening and transverse overgrowth.

Modeling of the Longitudinal Surface Plasmon Resonance of
Gold Nanorods with Gans Theory. Gans theory>® has been
used together with the experimental measured dielec-
tric function for bulk gold®® to model the extinction
spectra of Au nanorods. Previous modeling studies with
Gans theory have mainly focused on the dependence
of the LSPW on the nanorod aspect ratio and the refrac-
tive index of the surrounding medium.3”-*8 We use
Gans theory to simulate the anisotropic shortening
and transverse overgrowth of Au nanorods. In simula-
tion, Au nanorods are treated as prolate spheroids. The
major and minor axis lengths are set to 76.8 and 16.7
nm, respectively, which are approximately equal to
those of the starting nanorods used in our experiments.
For shortening, the nanorod diameter is kept constant,
and the nanorod length is reduced step by step. For
overgrowth, the nanorod length is kept constant, and
the nanorod diameter is increased step by step. Figure
4A shows the modeled extinction spectra. The longitu-
dinal plasmon resonance peak is seen to blue-shift for
both shortening and overgrowth. However, the varia-
tion in the longitudinal plasmon peak intensity appears
different. The intensity decreases gradually for shorten-
ing, while for overgrowth, it first increases, reaches a
maximum, declines, and then increases again as the as-
pect ratio is reduced.

The LSPWs and corresponding peak extinction cross
sections are extracted from the modeled extinction
spectra. The LSPW is found to be independent of the
nanorod diameter or length if the aspect ratio is kept
fixed (Figure 4B). It increases linearly with the aspect ra-
tio. The slope and the intercept obtained from a linear
fitting are (99 = 1) nm and (409 = 4) nm, respectively.
It is interesting to see that the slope and intercept ob-
tained from the modeling are very close to those ob-
tained from both the shortening and overgrowth ex-
periments. Figure 4C shows the variation in the peak
extinction cross section as a function of the LSPW. It is
clear that the extinction cross sections of the nanorods
obtained from overgrowth are generally larger than
those from shortening. The overall trends of the two
curves look similar to those obtained from the experi-
ments (Figure 3E). For overgrowth, the modeling shows
a local extinction maximum around 680 nm, which is
not observed on the experimental curve. This can be as-
cribed to the increase in both the diameter and length
of the nanorods obtained from the overgrowth
experiment.

Dark-Field Imaging and Spectroscopy. The extinction cross
sections of Au nanorods are the sum of the scattering
and absorption cross sections. For scattering-based bio-
logical imaging, nanorods of large scattering cross sec-
tions are desired, while nanorods of high absorption
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cross sections benefit absorption-based photothermal
therapy. It will therefore be very useful to determine the
relative contributions of the scattering and absorption
to the extinction of Au nanorods. We used dark-field im-
aging and spectroscopy to investigate the scattering
properties of the nanorods obtained from shortening
and overgrowth. This technique has been used previ-
ously to study the surface plasmon damping in Au nan-
orods and the polarization properties of the light scat-
tered from Au nanorods.>**° Two nanorod samples that
were produced from the same starting nanorods and
have similar LSPWs were chosen. One was obtained
from shortening, and the other was produced by over-
growth. Their scaled extinction spectra and TEM images
are shown in Figure 5. Their average diameters, lengths,
and LSPWs are listed in Table 1. The average aspect ra-
tios of both nanorod samples are 2.4 = 0.3. The maxi-
mum extinction value of the longitudinal plasmon peak
of the larger nanorods is 8 times that of the smaller
nanorods.

The two Au nanorod samples were deposited on sili-
con and glass substrates for scanning electron micros-
copy (SEM) and dark-field imaging, respectively. SEM
imaging ensures that most nanorods are isolated on
substrates without aggregation (Figure 6A—D). The sur-
face number densities determined from SEM images
are 50 and 7 per 100 um? for the nanorods obtained
from shortening and overgrowth, respectively. Repre-
sentative dark-field images of the two nanorod samples
are shown in Figure 6E and F. The first impression is
that the larger nanorods obtained from overgrowth are
much brighter in the scattering intensity than the
smaller ones obtained from shortening. The scattering
intensity histograms (Figure 6G and H) were obtained
by measuring the peak intensities of 200-300 nanorods
for each sample on the dark-field images. A Gaussian
fit was made on both histograms to remove the contri-
butions of aggregated nanorods. The average scatter-
ing intensities determined from the Gaussian fit and
normalized to the same exposure time are 89 and 3411
counts - s~ ! for the smaller and larger nanorods, respec-
tively (Table 1). The scattering intensity of the larger
nanorods is 38 times that of the smaller ones. The in-
crease in the scattering intensity is much larger than
that in the extinction, clearly indicating that the rela-
tive contributions of the scattering and absorption to
the extinction of Au nanorods with similar LSPWs can
be tailored by varying their sizes. In addition, the sur-
face number densities determined from dark-field im-
ages are 30 and 8 per 100 um? for the smaller and
larger nanorods, respectively, which are roughly consis-
tent with those determined from SEM imaging.

Dark-field scattering spectra of individual nanorods
were further recorded by placing a narrow slit at the en-
trance window of the spectrometer. Representative
spectra are shown in Figure 61 and J for the two nano-
rod samples. The FWHMs of these single-nanorod scat-
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Figure 4. (A) Simulated extinction spectra of Au nanorods. The
spectra in red are for anisotropic shortening, where the nano-
rod diameter is fixed at 16.7 nm and the length is reduced from
76.8 to 16.7 nm from right to left. The spectra in blue are for
transverse overgrowth, where the nanorod length is fixed at 76.8
nm and the diameter is increased from 16.7 to 76.8 nm from
right to left. The aspect ratio changes from 4.6 to 1.0 at a step
of 0.2 for both series of extinction spectra. (B) LSPW changes as
a function of the aspect ratio. The line is a linear fit. (C) Peak ex-
tinction values versus the LSPWs. Upper and lower triangles are
for shortening and overgrowth, respectively.

tering spectra are about half of those of the ensemble
solution extinction spectra (Table 1), indicating that the
ensemble extinction spectra are inhomogeneously
broadened. In addition, the dark-field scattering spec-
tra are considerably blue-shifted compared to the en-
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Figure 5. Comparison of two Au nanorod samples possessing
similar LSPWs. (A) Extinction spectra of the two nanorod
samples. The two extinction spectra have been scaled relative
to the starting nanorod concentration. (B) and (C) TEM images
of the Au nanorod samples obtained from shortening and over-
growth, respectively.
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Figure 6. Single-particle dark-field imaging and spectroscopy. (A) and
(B) Large-area and zoomed-in SEM images of the shortened Au nano-
rods. (C) and (D) Large-area and zoomed-in SEM images of the over-
grown Au nanorods. Some nanorods are highlighted with circles in the
large-area SEM images. (E) and (F) Dark-field images of the Au nano-
rods from shortening and overgrowth, respectively. The exposure
times are 60 s for (E) and 5 s for (F). The color scales are the same for
the two dark-field images. (G) and (H) Histograms of scattering inten-
sities obtained from individual nanorods shown in (E) and (F), respec-
tively. The red lines are Gaussian fits. (I) Five representative scattering
spectra recorded for the nanorods shown in (E). The exposure time is
60 s. (J) Five representative scattering spectra recorded for the nano-
rods shown in (F). The exposure time is 10 s.

Scattering (1000 counts)

semble extinction spectra acquired from the aqueous
nanorod solutions. This blue-shift is due to that the re-
fractive index of the surrounding medium for the nano-
rods deposited on glass slides is smaller than that for
the nanorods dispersed in aqueous solutions. It has
been known that a reduction in the index of the me-
dium causes a blue-shift of the plasmon peak of noble
metal nanoparticles.*'*?

FDTD Calculation. Numerical calculations were per-
formed to help understand our experimental results.
Analytical solutions to Maxwell’s equations have been
derived previously for spherical*® and prolate spheroi-

>
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TABLE 1. Comparison of the Longitudinal Surface Plasmon
Resonance-Related Properties between the Two Batches
of Au Nanorod Samples

Au nanorod sample from shortening from overgrowth
diameter from TEM (nm) 17 +2 38+ 4
length from TEM (nm) 40=*6 91*8
ensemble LSPW (nm) 660 664
ensemble fwhm (nm/meV) 95/270 107/300
ensemble extinction” 1.69 13.37
dark-field LSPW (nm) 620 =12 600 + 17
dark-field fwhm (nm/meV) (49 = 5)/(160 = 20) (52 =+ 6)/(180 = 30)
dark-field intensity (counts-s~")° 89 3411
diameter for FDTD (nm) 16.5 38
length for FDTD (nm) 40 90
volume for FDTD (nm®) 7377 73230
FDTD LSPW in solutions (nm) 656 661
FDTD fwhm in solutions (nm/meV) ¢ 44/126 59/167
FDTD extinction in solutions (nm?)¢ 5780 34400
FDTD scattering in solutions (nm?¢ 1570 16300
FDTD LSPW on glass (nm) 600 593
FDTD fwhm on glass (nm/meV) © 54/187 64/226
FDTD extinction on glass (nm?)¢ 1787 21430
FDTD scattering on glass (nm?)¢ 263 5430

“Peak values from Figure 5A. ®Average scattering intensities determined from the
Gaussian fits, as shown in Figure 6G and H. “For the extinction spectra. “Peak extinc-
tion cross sections. “Peak scattering cross sections. ‘For the scattering spectra.

dal particles.>® In principle, the relative contributions
of the scattering and absorption to the extinction of Au
nanorods can be calculated according to these analyti-
cal solutions. However, a special code has to be devel-
oped to calculate the scattering and absorption proper-
ties of spheroidal particles. We instead chose FDTD for
our purpose. The FDTD technique can provide a full
range of plasmon resonance-related properties, ** in-
cluding extinction, scattering, absorption cross sections,
and local electric fields, some of which are difficult to
measure experimentally. The sizes of both Au nanorods
were taken to match their average values. Specifically,
the smaller nanorod is modeled as a cylinder capped
with two half-spheres at the ends, with a diameter of
16.5 nm and a total length of 40 nm. The peanut-like
larger nanorod is modeled as composed of a cylinder
at the waist and a cone with four facetted surfaces at
each end. The cylinder diameter is 38 nm, and the base
diameter of the cone is 42 nm. The apex of the cone
has an angle of 72.2°, and it is capped with a sphere of
7 nm diameter. The total length of the larger nanorod is
90 nm. For each nanorod, two types of surrounding en-
vironments were considered, corresponding to the
cases of nanorods either dispersed in aqueous solu-
tions or deposited on glass slides.

The calculated spectra for the two nanorod samples
are shown in Figure 7, and some calculation results are
listed in Table 1. First, the LSPWs of the nanorods de-
posited on glass slides are blue-shifted compared to
those of the nanorods dispersed in aqueous solutions.
Second, the extinction cross section (47% scattering +
53% absorption) of the larger nanorod is 6 times that
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(27% scattering + 73% absorption) of the smaller nano-
rod in water, while the ratio of the extinction value be-
tween the larger and smaller nanorods measured from
the ensemble solution samples is 8. Third, the scattering
cross section (25% of extinction) of the larger nanorod
is 21 times that (15% of extinction) of the smaller nano-
rod on glass slides, while the ratio of the scattering in-
tensity between the larger and smaller nanorods mea-
sured from dark-field imaging is 38. Fourth, the FWHMs
of the calculated scattering spectra for the nanorods sit-
ting on glass slides are comparable to those deter-
mined from their dark-field scattering spectra. Taken to-
gether, the results from FDTD calculations are in very
good agreement with those from experimental mea-
surements. In addition, it is also noted that both the ex-
tinction cross sections and the scattering-to-extinction
ratios of the nanorods deposited on glass slides are con-
siderably smaller than those of the same nanorods dis-
persed in aqueous solutions. This dependence of the
scattering and absorption properties of Au nanorods on
their surrounding medium is worth further investiga-
tion because the use of Au nanorods for optical and bio-
technological applications often requires that they are
dispersed and incorporated into various materials, such
as polymers, oxides, and biological molecules.

Our dark-field imaging experiments and FDTD calcu-
lations unambiguously demonstrate that the
scattering-to-extinction ratio is dependent on the nano-
rod diameter even if the nanorod aspect ratio is fixed.To
find out the changes of the longitudinal plasmon
resonance-related properties as a function of the nano-
rod diameter while the nanorod aspect ratio is fixed,
we further carried out FDTD calculations on Au nano-
rods that are dispersed in water and have aspect ratios
fixed at 2.4 and diameters varying from 5 to 40 nm at a
step of 5 nm. The chosen aspect ratio of 2.4 is equal to
that of the Au nanorods characterized above using
dark-field microscopy. Au nanorods with such a fixed
aspect ratio and varying diameters can be produced by
combining anisotropic shortening and transverse over-
growth and choosing appropriate starting nanorods.

Figure 8A shows the calculated maximum extinc-
tion, absorption, and scattering cross sections at the
longitudinal plasmon peaks as a function of the nano-
rod diameter. They all increase nonlinearly as the nano-
rod diameter is increased. If the scattering-to-
absorption (Figure 8B) and scattering-to-extinction (Fig-
ure 8C) ratios are plotted versus the nanorod diameter,
it can be clearly seen that the absorption is dominant
when the nanorod diameter is small, while the scatter-
ing becomes dominant when the nanorod diameter is
large. Therefore, the relative contributions of the scat-
tering and absorption to the extinction of Au nanorods
with fixed aspect ratios can be experimentally con-
trolled by varying their diameters. Such Au nanorods
will be very useful for optical and biotechnological ap-
plications. For example, scattering-dominant nanorods

Www.acsnano.org

A in water "B in water
solutions| 30} on glass

slides

F-3

20

10

Ok~

(=4
N
)

solutions|

550 650 750
Wavelength (nm)

Figure 7. Extinction (solid lines), absorption (dotted lines), and

Cross section (1000 nm?2)
N

scattering (dashed lines) spectra calculated using FDTD. (A) Cal-

culated spectra of an averagely sized Au nanorod shown in

Figure 5B. (B) Calculated spectra of an averagely sized Au nano-

rod shown in Figure 5C.

can minimize absorption-induced thermal damage dur-
ing dark-field imaging and enhance sensitivity by maxi-
mizing the difference in the scattering-to-extinction ra-
tio between contrast agents and tissues in optical
coherence tomography,*> while absorption-dominant
nanorods can minimize the side effects caused by scat-
tered light and reduce the laser energy required for
photothermal treatment. Interestingly, the scattering-
to-extinction ratio is seen to depend linearly on the
nanorod diameter. A linear fitting gives a slope of 0.018
nm~". In addition, the LSPW is also seen to increase
slightly as the diameter is increased (Figure 8D), even
if the aspect ratio remains constant. This increase in the
LSPW with increasing nanorod size at a fixed aspect ra-
tio is different from what is predicted according to
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Diameter (nm) Diameter (nm)

Figure 8. Effect of the nanorod diameter on the longitudinal
plasmon resonance-related properties of Au nanorods investi-
gated by FDTD calculations. (A) Extinction (circles), scattering

(triangles), and absorption (squares) cross sections versus the di-

ameter. (B) Ratio of the scattering to absorption cross section

versus the diameter. (C) Ratio of the scattering to extinction cross
section versus the diameter. The line is a linear fit. (D) LSPW ver-

sus the diameter. All the cross sections are peak values taken
from corresponding calculated spectra.
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Gans theory. The different results can be ascribed to
that nanorods are treated as prolate spheroids in Gans
theory without the consideration of phase retardation
and higher-order contributions, while they are treated
exactly according to their size and shape in FDTD
calculations.

CONCLUSION

Anisotropic shortening and transverse overgrowth
have been carried out to prepare Au nanorods of tun-
able LSPWs from the same starting nanorods. During
shortening, the nanorod diameter remains nearly con-
stant, while the nanorod length decreases gradually. Se-
lective binding of thiol-containing molecules to the
ends of Au nanorods induces overgrowth preferen-
tially on their side surfaces. As a result, two series of
Au nanorods with LSPWs varying from that of the start-
ing nanorods to ~600 nm are obtained. The use of the
same starting nanorods allows for a quantitative com-
parison of the extinction values between the two series
of Au nanorods. The systematic variation of the LSPW
and extinction is in good agreement with that obtained

METHODS

Growth of Starting Gold Nanorods. Starting Au nanorods were
grown using the silver ion-assisted seed-mediated method.?>2¢
Typically, the seed solution was prepared by the addition of
HAuCl, (0.01 M, 0.25 mL) into cetyltrimethylammonium bro-
mide (CTAB, 0.1 M, 10 mL) in a 15-mL plastic tube with gentle
mixing. A freshly prepared, ice-cold NaBH, solution (0.01 M, 0.6
mL) was then injected quickly into the mixture solution, followed
by rapid inversion for 2 min. The seed solution was kept at room
temperature for at least 2 h before use. To grow Au nanorods,
HAuCl, (0.01 M, 2.0 mL) and AgNO; (0.01 M, 0.4 mL) were mixed
with CTAB (0.1 M, 40 mL) in a 50-mL plastic tube. HCI (1.0 M, 0.8
mL) was then added to adjust the pH of the solution to 1-2, fol-
lowed by the addition of ascorbic acid (0.1 M, 0.32 mL). Finally,
the seed solution (0.096 mL) was injected into the growth solu-
tion. The solution was gently mixed for 10 s and left undisturbed
at room temperature for at least 6 h before use. Before the result-
ing Au nanorod solution was used for shortening and over-
growth, its pH was adjusted to 3-4 by the addition of NaOH
(1.0 M, 0.8 mL).

Shortening of Gold Nanorods by Oxidation. The oxidation of Au
nanorods was carried out by adding an appropriate volume of
H,0, (35 wt %) into the starting Au nanorod solution. The vol-
ume ratio of H,O, to the starting nanorod solution was varied
among 1:6, 1:8, 1:10, 1:50, and 1:60. The oxidation process was
monitored by taking extinction spectra as a function of time.
Shorter Au nanorods were obtained at intermediate stages of
oxidation by centrifugation and redispersion of the resulting pre-
cipitates into water solutions.

Overgrowth on Gold Nanorods. A stock solution for overgrowth
was prepared by mixing together CTAB (0.1 M, 152 mL), HAuCl,
(0.01 M, 6.4 mL), AgNO; (0.01 M, 0.96 mL), and ascorbic acid (0.1
M, 1.024 mL). For overgrowth, 14 aliquots of 2 mL of the start-
ing Au nanorod solution were placed into plastic tubes. Into the
first 11 of them was added 0.03 mL of a cysteine solution (0.01
M), and into the other three was added 0.05 mL of the cysteine
solution. After the resulting mixtures were kept at room temper-
ature for 2 h, varying volumes of the stock growth solution (1,
2,3,4,5,7,8,10,12, 15, 18, 20, 25, 30 mL, respectively) were
added into each aliquot. The growth was left undisturbed for at
least 10 h.

from Gans theory. Dark-field imaging and spectros-
copy have been performed on two nanorod samples
with one from shortening and the other from over-
growth. The two nanorod samples have similar LSPWs.
It has been found that the scattering intensity of the
overgrown nanorods is larger than that of the short-
ened nanorods. FDTD calculations have been carried
out for the two nanorod samples. The experimental re-
sults are in very good agreement with the calculated
ones, including the extinction values, scattering intensi-
ties, LSPWs, and FWHM:s of the longitudinal plasmon
peaks. FDTD calculations further show that the
scattering-to-extinction ratio increases linearly as a
function of the diameter for Au nanorods with a fixed
aspect ratio. Absorption is dominant for nanorods with
smaller diameters, while scattering becomes dominant
for nanorods with large diameters. Such nanorods can
potentially be produced by combining shortening and
overgrowth and judiciously choosing starting nanorods
with appropriate LSPWs. We believe that our results
have great implications for the use of Au nanorods in
a variety of optical and biotechnological applications.

Extinction, SEM, and TEM Characterizations. Extinction spectra of
Au nanorod solutions were taken using quartz cuvettes of 1-cm
path length on a Hitachi U-3501 UV-visible/NIR spectrophotom-
eter. SEM imaging was performed on a FEl Quanta 400 FEG mi-
croscope. Low-magnification TEM images were acquired on a FEI
CM120 microscope at 120 kV. For TEM characterization, Au nano-
rod solutions (6 mL each) were centrifuged at 14 000g for 8
min. The precipitates were redispersed into deionized water (6
mL each), centrifuged again at 14 000g for 6 min, and finally re-
dispersed into deionized water (0.4 mL each). An amount of 0.01
mL of each resulting Au nanorod solution was drop-cast care-
fully onto a lacey-Formvar TEM grid stabilized with a thin layer
of carbon and allowed to dry in air overnight before TEM
imaging.

Dark-Field Imaging of Individual Gold Nanorods. Au nanorods were
deposited on silicon and glass substrates that were functional-
ized under the same conditions for SEM characterization and
dark-field imaging, respectively. For functionalization, silicon and
glass substrates were first washed in acetone, ethanol, and
deionized water by ultrasonication and dried overnight at 60
°C. The cleaned substrates were then immersed in an ethanolic
solution of (3-mercaptopropyl)trimethoxysilane (10 vol. %) for 15
min. The substrates were subsequently washed in ethanol by ul-
trasonication and finally rinsed with deionized water. For the
deposition of Au nanorods onto the functionalized substrates,
Au nanorod solutions (2 mL each) were centrifuged at 14 000g
for 6 min, and the precipitates were redispersed in deionized wa-
ter (2 mL each). This procedure was repeated once to remove ex-
cess CTAB present in Au nanorod solutions. The pH of each nano-
rod solution was adjusted to ~3 by adding HCl (0.1 M, 0.01 mL)
to facilitate the deposition of Au nanorods. The functionalized
substrates were then immersed into the resulting nanorod solu-
tions for 30 s, rinsed immediately with ethanol, and blown dry
with nitrogen. Dark-field imaging and spectroscopy on indi-
vidual Au nanorods were carried out on an Olympus BX60 opti-
cal microscope integrated with an Acton SpectraPro 2300i
monochromator and a Princeton Instruments Pixis 512B charge-
coupled device (CCD), which was thermoelectrically cooled to
—50 °C. Au nanorods deposited on glass slides were illuminated
by white light from a 100 W tungsten lamp through an oil im-
mersion dark-field condenser (NA 1.2-1.4). The scattered light
was collected with a 100 X objective (NA 0.8) and reflected to
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the entrance slit of the monochromator for imaging and spec-
troscopy. Scattering spectra from individual Au nanorods were
corrected by subtracting background spectra taken from the ad-
jacent regions containing no Au nanorods.

Modeling of the Longitudinal Surface Plasmon Resonance of Gold
Nanorods with Gans Theory. Au nanorods were approximated as pro-
late spheroidal nanoparticles, and Gans theory*® together with
the known bulk Au dielectric function®® was used to model the
optical extinction spectra of Au nanorods of varying aspect ra-
tios. According to Gans theory, the extinction cross section o av-
eraged over all orientations for a prolate spheroidal nanoparti-
cle in the dipole approximation is given by

3
_2aVey? (1/P)e,

RARERETY -7 v,
= le, + e, t¢

m

P

In eq 1, Vis the volume of the nanoparticle; ¢,,, is the dielectric
constant of the surrounding medium; \ is the wavelength of the
interacting light; &, and &, are the real and imaginary part of the
Au dielectric function. &, and &, are wavelength dependent,
while g, is assumed to be a constant. Pj (egs 2 and 3) are the
depolarization factors for the three axes A, B, and C of the
spheroidal nanoparticle with A > B = C. They are defined as

_1=€1 (1+e)
Pu=g e =) ] @
_ _1—PA
Py=P.= 3 (3)
In eq 2, eis defined by
_ _ (B
e=x/1-(3) @

The ratio A/Bin eq 4 is the aspect ratio. The volume (eq 5) of the
spheroidal nanoparticle is given by

v=SRIEE

In our modeling, the medium dielectric constant was taken to be
2.0, which has previously been shown to be appropriate for
modeling the extinction spectra of CTAB-stabilized Au nanorods
in aqueous solutions.?”

FDTD Calculations. The FDTD method is an explicit time march-
ing algorithm used to solve Maxwell’s curl equations on a dis-
cretized spatial grid. It can be used to study both the near- and
far-field electromagnetic responses of metal nanoparticles of ar-
bitrary shapes. We employed a software package, FDTD Solu-
tions, developed by Lumerical Solutions, Inc., to perform FDTD
calculations on Au nanorods. The Au dielectric function was rep-
resented using the Drude model,** with parameters chosen to
match the bulk gold dielectric data.>® In our FDTD calculations,
a nanorod was surrounded by a virtual boundary with an appro-
priate size. The Au nanorod and its surrounding medium inside
the boundary were divided into meshes of 0.5 nm in size. An
electromagnetic pulse was launched into the boundary to simu-
late a propagating plane wave interacting with the nanorod.
Only the longitudinal plasmon resonance of Au nanorods was
calculated by setting the electric field of the plane wave parallel
to the length direction of Au nanorods. FDTD calculations were
carried out for both Au nanorods dispersed in aqueous solutions
and those deposited on glass substrates to compare the calcula-
tion results with the experimental ones obtained from extinc-
tion measurements and dark-field spectroscopy, respectively. For
Au nanorods dispersed in aqueous solutions, the refractive in-
dex of the surrounding medium was taken to be 1.33. For Au
nanorods deposited on glass substrates, the refractive index of
the medium in the top and side regions was taken to be 1.0, and
that in the bottom region was taken to be 1.514.
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