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Au nanorods (NRs) represent an interesting one-dimensional (1D) Scheme 1. Method for Growing Aligned Au NRs

nanostructure that has recently been synthe&izédnd patterned SIAPTES surface
directly on surfaces through seed-mediated chemical gébwth NHy NHy NH NH, NHy N, NH, ”
surface-attached Au nanoparticle (NP) “seeds”. One drawback of TOP VIEW
this method is that the NRs were assembled with uncontrolled CH,COOH + DCC

. . . . DMAP Growth
orientation and alignment. Here we describe a new procedure for I Solution
g_rowing high_ly align_ed Au NRs c_iirectly ona Si(lO(_)) sub_strate. A CHy CH, G CH GH ool CH CH GH, CH L CH,
simple chemical amidation reaction on Mfinctionalized Si(100) T TN B e o B o

promotes the growth of highly aligned NRs extremely well.

This work is important for two main reasons. First, controlled Figure 2A shows a scanning electron microscopy (SEM) image
patterning and alignment of 1D nanostructures is critical for of Au nanostructures grown on a Si(100)/APTES surface that was
studying fundamental collective properties and for incorporating not functionalized with acetic acid. The surface exhibits a high
these promising materials into nanoelectrddisensing?® opto- density of Au nanoparticles (17&h%) with just a very few
electronic2® and plasmoni devices. Second, the use of a surface unaligned short rods on the surface. Figure 2B is an SEM image
chemical reaction to promote the growth of aligned nanostructures of Au NRs grown on a Si(100) surface functionalized with
is very unique when compared to other approaches. Several methodsnercaptopropyltrimethoxysilane (MPTMS) using our previous
have been employed to align 1D structures, perpendicular or parallelmethodt?¢ The surface contains a lower overall density of Au
to the surface, either from solutions/suspensions of the materialsnanostructures (18m? compared to Si(100)/APTES and high
postsynthesis or during their growth from a surface-bound catalyst. aspect ratio Au NRs exhibiting no particular alignment. Figure 2C
Langmuir-Blodgett (L—B) methods® microfluidics22-3°chemical and 2D shows two images of Au NRs grown on Si(100)/APTES
templating3 surface functionalizatio?d electric field alignmenge — .
and growth along the direction of gas fléivsurface crystal
planes’®h and surface step eddgeare recent examples.

Au and Ag NRs/NWs, in particular, have been aligned by
electron-beam lithographif, L—B methods'2 stretched polymer
matrices? self-assemblycd attachment to carbon nanotulfés,
electric fields®® and electrochemical deposition at surface step
edgeg® They are interesting because they exhibit orientation-
dependent absorption/scattering of polarized figand can act as
waveguidegd One-dimensional metals are also useful for nano-
electronics’® chemical sensing? and surface-enhanced Raman
spectroscopy (SER%)applications. T - g oo

Our proce_'dure 1S O_Utlme(_j in Scheme 1. First, a_p-type S'(l(_)o) Figure 1. SEM image of Au NRs aligned over a large area on a Si(100)
substrate with a native oxide layer was placed into a solution syrface using the procedure described in Scheme 1.
containing 100uL of (aminopropyl)triethoxysilane (APTES), 10
mL of 2-propanol, and 23 drops of water while heating just below
boiling for 30 min to create surface NHroups!ab These groups
were reacted with 10 mM acetic acid using 20 mM dicyclohexyl-
carbodiimide (DCC) and 20 mM dimethylamino pyridine (DMAP)
as a catalyst, which results in the formation of an amide bond and
renders the surface terminated mainly with {dtoups. Citrate-
capped Au nanoparticles (NP$B—5 nm average diameter) were
attached to the surface, presumably to unreacted amine groups
through electrostatic or AdNH; interactions2?The substrate was
then placed into a growth solution containing 9 mL of 0.1 M
cetyltrimethylammonium bromide (CTAB), 450L of 0.01 M
AuCl,~, and 50uL of 0.1 M ascorbic acid.This step? ¢ leads to
the growth of surface-bound Au NP seeds into Au NRs via seed- L— ;
mediated growth. The SEM image in Figure 1 shows the remarkable Figure 2. SEM images of (A) Si(100)/APTES, (B) Si(100)/ MPTMS, and

degree of alignment over a large area for Au NRs grown by this (c—p) si(100)/APTES/acetic acid after exposure to Au NP seed and NR
procedure. growth solution. Scale bars areuin in all images.
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Figure 4. SEM images of (A) Au NRs grown on Si(100)/APTES/succinic
acid and (B) Ag NRs grown on Si(100)/APTES/acetic acid. Scale bars are
1 um.

that alignment is not observed on MPTMS- and APTES-function-
alized or bare Si(100) shows that surface chemistry plays a major
role, but it is not clear how the amidation reaction leads to
alignment. Preliminarily, surface hydrophobicity does not appear
to play a major role since acetic and succinic acid surfaces both
show alignment.

In summary, we have demonstrated a simple method for
promoting the growth of highly aligned Au NRs directly on Si(100)
surfaces through a surface amidation reaction. A remarkable degree
Figure 3. SEM images showing the change in alignment direction for Au  of parallel alignment is observed over large areas. The alignment
NRs grown on a Si(100)/APTES/acetic acid substrate. The letters in the gjrection is localized since it rotates slightly from one area of the
:gcpa{l'gr?tof't%';alsgnlv??;a%fetshesiglgsggi ;;";Spond to the approximate substrate to anot_her. Research |_s currently _underway _to better

understand the alignment mechanism and major factors involved.

functionalized with acetic acid as in Scheme 1. These surfaces show Acknowledgment. We gratefully acknowledge the National

a more reduced nanostructure density on the surfagenp/and Science Foundation (CHE-0518561) and the donors of the American
more importantly, the NRs show an incredible propensity for Chemical Society Petroleum Research Fund for support of this
parallel alignment to one another. Statistics show th80% of research.
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the Au nanorods are oriented in the same direction withir38°
range from the alignment direction. The yield of Au NR$-i$9%,
the diameter is 2530 nm, and the average length is 5#2203
nm (AR ~ 20).

Supporting Information Available: More detailed description of

synthesis and visible spectra of samples prepared on glass. This material
is available free of charge via the Internet at http:/pubs.acs.org.

We prepared similar samples as in Figure 2 on glass substratesReferences

to obtain visible spectra (Figure S1, Supporting Information). In
short, these spectra confirm that the surface amidation reaction was
successful and show that the absorbance values are consistent with
the coverages observed in the SEM images in Figure 2.

The SEM images in Figure 3AE were obtained from top to
bottom of a~5 mm Si(100) sample with the primary flat (110)
plane parallel to the top of the images as shown in the digital picture.
The letters on the digital picture correspond to the approximate
location of the SEM images. The images show that the NR
alignment direction changes from top to bottom of the sample, with
no particular preference with respect to the (110) plane (or atomic
arrangement) of the Si. The alignment direction gradually rotates
counterclockwise~90° with respect to the right end of the NRs
from top to bottom of the sample. The middle of this sample showed
parallel alignment to the (110) plane.

We examined the effect of surface functionality on alignment
by growing Au NRs on Si(100)/APTES samples reacted with
succinic acid, which terminates the surface with COOH instead of
CHs; groups. The SEM image in Figure 4A shows that this also
leads to Au NR alignment. The SEM image in Figure 4B shows
that Ag NRs grown on Si(100)/APTES/acetic acid surfaces using
a similar seed-mediated growth procedue also alignecd60%),
but not to the extent of Au NRs.

We do not clearly understand the mechanism of NR alignment
at this time. Since alignment is not observed on amorphous glass,
we initially thought the Si crystallinity was important. However,
the alignment direction changes throughout the sample, showing
no direct correlation with the arrangement of Si atoms. The fact
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