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ABSTRACT Gold nanorods (AuNRs) are of interest for a wide range of applications, ranging from imaging to
molecular electronics, and they have been studied extensively for the past decade. An important issue in AuNR
applications is the ability to self-assemble the rods in predictable structures on the nanoscale. We here present a
new way to end-to-end link AuNRs with a single or few linker molecules. Whereas methods reported in the
literature so far rely on modification of the AuNRs after the synthesis, we here dimerize gold nanoparticle seeds
with a water-soluble dithiol-functionalized polyethylene glycol linker and expose the linked seeds to growth
conditions identical to the synthesis of unlinked AuNRs. Doing so, we obtain a large fraction of end-to-end linked
rods, and transmission electron microscopy provides evidence of a 1—2 nm wide gap between the AuNRs. Flow
linear dichroism demonstrates that a large fraction of the rods are flexible around the hinging molecule in solution,
as expected for a molecularly linked nanogap. By using excess of gold nanoparticles relative to the linking dithiol
molecule, this method can provide a high probability that a single molecule is connecting the two rods. In essence,
our methods hence demonstrate the fabrication of a nanostructure with a molecule connected to two

nanoelectrodes by bottom-up chemical assembly.

KEYWORDS: gold nanorods - self-assembly - linear dichroism -
nanogap - molecular electronics

old nanorods (AuNRs) have in re-

cent years received increased inter-

est due to ease of synthesis, unique
shape-dependent optical properties,’ and
potential use in medical®** and electronic
applications.” 7 Shape, size, and aspect ra-
tio of the AuNRs are readily controlled by
varying the different parameters in the
seed-mediated synthetic route first intro-
duced by Murphy et al.? AuNRs are typically
grown by addition of citrate-stabilized gold
nanoparticle seeds to growth solutions con-
taining an amphiphilic molecule.® The
grown rods can then be subjected to vari-
ous surface modification schemes, for ex-
ample, to induce self-assembly.’®~'? There
are several reports of self-assembly and ar-
rangement of pregrown AuNRs into differ-
ent orientations such as side-to-side’~'¢
and end-to-end.'* ?° End-to-end assembly
has been accomplished using a variety of
different protocols: (1) biotin/streptavidin
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recognition, where addition of a thiol-
modified biotin to the AuNRs and subse-
quent addition of streptavidin leads to the
formation of one-dimensional chains of
AuNRs;'” (2) thiol-functionalized oligonucle-
otides bound to the AuNRs and connected
with a DNA linker;'® (3) polystyrene mol-
ecules grafted to the ends of CTAB-coated
AuNRs that when exposed to different sol-
vents arrange the AuNRs in rings or chains,
all with end-to-end orientation;'® (4) citrate
anions that neutralize the surface charge of
the AuNRs, which promotes end-to-end
connection.?® All these end-to-end assem-
blies have been explained as being due to
the fact that the surfactant has stronger af-
finity for the {100} and {110} crystal planes
of the sides of the AuNRs, leaving the {111}
facets on the ends more reactive for
modifications.'”?"? These approaches all
rely on modification of the AuNRs after the
synthesis by adding the desired linking
agent.

Herein, a new strategy for end-to-end
self-assembly of AuNRs is reported. Instead
of modifying the AuNRs after the growth,
we show that end-to-end linked rods can be
grown directly from chemically linked
seeds. Citrate-stabilized gold nanoparticle
seeds are self-assembled using a water-
soluble dithiol-functionalized polyethylene
glycol (SH-PEG-SH) linker, and then the as-
sembled seeds are exposed to growth con-
ditions® in order to grow linked AuNRs (see
Figure 1). We investigate the formed nano-
gap, the assembly process, and the depen-
dence on the SH-PEG-SH concentration by
TEM, SEM, and AFM and also introduce flow
linear dichroism (flow-LD) as a complemen-
tary method to study AuNRs in solution.

A key challenge in the field of molecular
electronics is to contact a single molecule
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to two or more metal electrodes. Typically macro-

tact the molecule of interest.?*?> Examples of
assembling probing electrodes around single
molecules via bottom-up self-assembly are very

(&) gold salt

scopic electrodes fabricated by advanced top- o H il eduscios sant rowth /
down lithographic techniques are used to con- o o% surfactant /

+
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few. The use of 500 nm long gold nanorods ooo ___ seltassembly f gold salt

as the bridge between a single molecule on the (®)
molecular scale and the straightforwardly acces-

sible micron scale is therefore very tempting. As a
consequence of the strategy presented here, it

will be possible to synthesize pairs of rods

with—to a high extent—only one molecule as

linking moiety.

RESULTS AND DISCUSSION

surfactant

/4_

+ mild reducing agent .- .

Gold nanorods (AuNRs) are here prepared by i )
© = Gold nanoparticle seed === = SH-PEG-SH Linker = Gold nanorod

a three-step seed-mediated synthesis according

to the protocol by Jana et al.:** Citrate-stabilized
nanoparticle seeds are synthesized by reduction

salt, a mild reducing agent, and a surfactant. In

this study, we grow end-to-end linked AuNRs by
assembling the seed particles before growth, using a
water-soluble polyethylene glycol dithiol (SH-PEG-SH)
linker. In order to obtain optimal growth conditions for
linked AuNR dimers, the seed particles were assembled
using varying SH-PEG-SH concentrations (1.67 wM to
0.33 mM). The seed particle concentration is estimated
to be approximately 80 nM. Addition of SH-PEG-SH to
the citrate-stabilized seeds leads to a small red shift of
the surface plasmon resonance band in the absorption
spectrum (at around 520 nm), a shift that increases with
increasing SH-PEG-SH concentration (see Supporting
Information, Figure S1). The shift is accompanied by a
broadening of the absorption peak and an increased
light scattering. This is in agreement with what is ex-
pected for gold nanoparticles in close proximity to each
other.?? Seed particles linked with different amounts
of SH-PEG-SH were then subjected to the AuNR growth
protocol (for further details see Materials and Meth-
ods). At low SH-PEG-SH concentration in the seeding
solution (<8.33 wM), the grown rods are only linked to
a very small extent (see Supporting Information, Figure
S2A). At high concentrations of SH-PEG-SH (>83.3 pM),
a majority of the grown AuNRs are linked, but the yield
of rods is low and a large amount of spherical particles
can be seen (Figure S2D). The spherical particles are
typically found as dimers, trimers, or larger assemblies,
due to the SH-PEG-SH linker. Apparently, higher con-
centrations of SH-PEG-SH inhibit growth of AuNRs. A
plausible explanation for this is that a too high surface
concentration of SH-PEG-SH hinders the binding of
CTAB to the seeds and hence AuNRs cannot be grown.
The optimal SH-PEG-SH concentration in the seed solu-
tion is thus found to be in the range of 16.7—41.7 uM,
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Figure 1. Fabrication scheme of gold nanorods. Top scheme: Seed-mediated
growth route for synthesis of AuNRs, which are typically postmodified with de-
of a gold salt with a strong reducing agent and sired linkers to create one-dimensional end-to-end linked linear chains as de-
then added to growth solutions containing gold scribed in the text. Bottom scheme: Our new approach for direct synthesis and
growth of end-to-end linked AuNRs using gold nanoparticle seeds that are linked
with a SH-PEG-SH linker before addition to the growth solution.

where a high fraction of the seeds are grown into
AuNRs and a large number of the grown rods are linked
(Figure S2B and S2C in Supporting Information). All re-
sults discussed in the following are on AuNRs grown
from gold nanoparticle seeds containing 16.7 wM of SH-
PEG-SH. To confirm that the linked rods are not formed
after the growth is completed, due to free SH-PEG-SH
in solution, a series of control experiments were con-
ducted. An increasing amount of SH-PEG-SH was added
to unlinked AuNRs, that is, rods grown from seeds with-
out SH-PEG-SH linker (see Supporting Information, Fig-
ure S3). This results in the formation of large random ag-
gregates of AUNRs at moderate concentrations of SH-
PEG-SH (16.7 and 83.3 wM) with no obvious end-to-end
linking. Even at 0.33 mM SH-PEG-SH, no end-to-end
linking is observed. This manifests that our linked rods
are grown from chemically linked gold nanoparticle
seeds and not linked due to excess SH-PEG-SH in the fi-
nal growth solution.

Figure 2 compares AuNRs grown from unlinked
seed particles (i.e., no SH-PEG-SH linker) and AuNRs
grown from gold nanoparticle seeds containing 16.7
M of SH-PEG-SH. Unlinked rods preferentially lie in a
side-to-side fashion (Figure 2A,B) on the TEM grid,
which is attributed to a more energetically favorable in-
teraction between the lipophillic parts of the stabiliz-
ing surfactant bilayer covering the AuNRs.?°** In addi-
tion to this side-to-side arrangement, a large amount of
end-to-end orientations are observed for the AuNRs
grown from chemically linked seed particles (Figure
2C—F). From TEM images, we observe that the dimen-
sions of the linked and unlinked AuNRs are similar with
a length of approximately 500 nm and a width of 25
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Figure 2. TEM images comparing linked and unlinked rods.
Representative TEM images of unlinked AuNRs grown from
normal seed particles, that is, no SH-PEG-SH (A,B) and of
linked AuNRs synthesized from chemically linked seeds par-
ticles, 16.7 uM SH-PEG-SH (C—F).

nm and, hence, an aspect ratio of approximately 20
(data not shown). This is in agreement with what is ex-
pected from the growth protocol used.*® In addition to
TEM imaging, the AuNRs were investigated with SEM

A

and AFM (see Supporting Information, Figures S4 and
S5, respectively), yielding similar results.

Counting the rods in several TEM images reveals
that 55% of the AuNRs grown from chemically linked
seed particles (16.7 wM SH-PEG-SH) are end-to-end
linked, while only 9% are end-to-end linked for AuNRs
grown from unlinked seeds (Figure 3A). The histogram
also reveals that for the linked rods the fraction of con-
nections where more than two rods are sharing the
same junction is less than 10%. End-to-side linked rods
are rarely seen, suggesting that the dithiols move to the
ends of the rods where the CTAB is less densely packed
as the rods grow. The angle distribution of end-to-end
linked AuNRs (Figure 3B) shows a mean value of 125 =
30° and very few rods with an angle of less than 90°
are observed. This is similar to the end-to-end linked
AuNRs investigated by Kawamura et al.>® They explain
the angle as being due to the fact that the positively
charged CTAB bilayers on the rods repel each other, but
it could in our case also be explained as an effect of
that small angles between the linked AuNRs will result
in too much strain on the SH-PEG-SH linkers.

The crystallography and packing microstructure of
the nanorods was determined from fast Fourier trans-
form (FFT) analysis of HRTEM micrographs (Figure 4).
Both the linked and unlinked rods are typically multi-
crystalline and composed of five parallel segments with
{111} end faces and {100} side faces organized in a mul-
tiply twinned structure similar to that described by
Johnson et al. for unlinked rods.>"

Figure 4A shows a high-resolution TEM image where
a nanogap with a size of 1—2 nm between two rods is
clearly seen, while Figure 4B shows two linked rods that
are fused together, both structures being frequently
present in the samples investigated. In order to see
whether the electron beam could induce fusing of the
linked rods, the area in Figure 4A was exposed to a high
intensity electron beam for 5 min without any signifi-
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Figure 3. Histogram of rod—rod connections and rod—rod angles. (A) Fraction of unlinked AuNRs (left), AuNRs in dimers or
chains (middle), and AuNRs sharing a junction with more than one other rod (right) for AuNRs grown from unlinked seed par-
ticles (gray) and AuNRs synthesized from chemically linked seed particles, 16.7 uM SH-PEG-SH (black). The data are ob-
tained from counting approximately 600 AuNRs at different positions from at least four different AuUNR batches for each
type of rod. (B) Angle distribution between two end-to-end linked rods grown from seeds linked with 16.7 uM of SH-PEG-
SH. The mean angle is 125°, and the standard deviation is 30°.
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fused nanogap.

cant changes in the gap region (not shown). The size
of the nanogaps seen throughout the samples is typi-
cally 1—2 nm and is thus perfectly suited for single mol-
ecule electronics. To use the nanogap for measure-
ments on electronically interesting molecules, it can be
exposed to a solution of the molecule of interest and
then one or a few molecules will be present in the
gap.3?33 The other possibility is to start with an elec-
tronically interesting molecule that is water-soluble and
use that as a linker to assemble the seeds instead of
the SH-PEG-SH. At a 16.7 M SH-PEG-SH concentra-
tion, it is expected that more than one linker molecule
is bound to each seed particle and hence that the gap
most likely consists of a few linker molecules. We here
focused on optimizing the yield of linked rods, and the
linker concentration is therefore higher than the con-
centration of gold nanoparticle seeds. Nanogaps with
only one linker molecule in the gap can be realized by
the addition of a smaller amount of SH-PEG-SH to the
seeds, similar to the method applied by Dadosh and co-
workers for monofunctionalized nanoparticles.?3*

In addition to the nanogaps, we also observe fused
nanorods (Figure 4B). Fused rods have previously been
observed by Kawamura et al. when they end-to-end
linked AuNRs by adding citrate anions after the
growth.”® They reasoned that the fusing was caused
by a dilution of CTAB at the ends of the rods due to the
previously discussed preferential binding of CTAB to
the {100} or {110} facets on the side of the AuNRs. The
electrostatic repulsion between the positively charged
head groups decreases when CTAB is primarily re-
moved from the ends, and AuNRs that are oriented end-
to-end in close proximity may fuse as gold nanoparti-
cles are known to sinter at temperatures as low as
100—200 °C.2>3¢ In addition to this explanation, we
speculate that the fusing occurs when solvent evapo-
rates from the solid substrate.

www.acsnano.org

An important question arising in the TEM study is
whether the fusing of the AuNRs is an effect of the
preparation of the samples or if the rods are fused al-
ready in solution. To investigate the nature of the link-
ing of the gold nanorods in solution, we decided to use
linear dichroism (LD), that is, the difference in absorp-
tion parallel and perpendicular to an orientation axis
(LD(\) = Aj(\) — AL (N). Nanoscale objects with large as-
pect ratios can be aligned easily in a viscous flow, for ex-
ample in a Couette cell (Figure 5A), and hence the LD
spectrum can be obtained by measuring the absorp-
tion parallel and perpendicular to the orientation axis.
This technique has been extensively used to study DNA
and ligands that bind to DNA.>” The DNA bases are ori-
ented at 90° relative to the DNA helix axis (and hence
the orientation axis), and therefore, DNA will have a
large negative LD signal at 260 nm, where the bases ab-
sorb. Knowing this, it is possible to investigate ligands>®
and proteins®® that bind to DNA and determine their
orientation relative to the DNA axis. Flow-LD has also
been used to study, for example, brain microtubules*°
and ligands binding to lipid membranes.*!

Figure 5B shows LD spectra for unlinked AuNRs and
AuNRs grown from a solution with seeds containing
16.7 wM of SH-PEG-SH. There is a large peak in both
spectra centered at approximately 515 nm correspond-
ing to the transversal surface plasmon resonance (SPR)
peak seen in UV—vis absorption (top panel). As ex-
pected, the peak is negative since it is due to a transi-
tion perpendicular to the orientation direction. The lon-
gitudinal SPR transition has its maximum absorption in
the near-IR and can therefore not be investigated in this
experimental setup. It is evident that the linked rods
have a much more negative LD signal from their trans-
versal SPR band than the unlinked rods. This can be ex-
plained from the assumption that the linked AuNRs
are larger objects with a larger aspect ratio, and that
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Figure 5. Flow aligned linear dicroism. (A) Schematic
showing the principle of flow-LD in a Couette cell. The ab-
sorption directions parallel (A) and perpendicular (A,)
to the flow, and hence the AuNR long axis, are pointed
out. (B) UV—vis absorption (top) and flow-LD (bottom)
spectra of normal AuNRs (dashed line) and AuNRs grown
from nanoparticle seeds linked with 16.7 pM SH-PEG-SH
(solid line). The LD spectra are the average of 4—5 spec-
tra from 2—3 different batches of rods. All spectra within
each sample series fall in the shaded areas. The LD spec-
tra have been corrected for the isotropic absorption in-
tensity and normalized to 0 at 400 nm to allow compari-
son. The UV—vis spectra have been corrected for
scattered light. (C) Schematic of the direction of the two
transversal SPR transitions (arrows) of linked (fused)
AuNR dimers (angle between AuNRs = 125°) relative to
the orientation axis in a viscous flow (top). Two extreme
cases are shown, and they both have a significant compo-
nent of the SPR transition along the orientation axis, a
component that has a positive LD signal. Two nonfused
AuNRs linked with a linker (bottom), on the other hand,
will both align with the flow and the transversal band will
thus be aligned perpendicular to the flow for both rods
leading to only a negative LD component.
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they therefore align better with the flow than unlinked
AuNRs. A better orientation will lead to a larger differ-
ence in the absorption in the two polarization direc-
tions and hence a more negative LD signal. An impor-
tant aspect with flow-LD is that only objects that are
oriented in the flow will be visible in LD since all other
objects will have a random distribution of their transi-
tion moments and, therefore, no LD signal. In our study,
this means that we are only probing the AuNRs and
not the spherical particles that are also formed during
the preparation of the rods. Flow-LD can thus be used
to “filtrate” the sample to only detect signal from the
AuNRs.

The average angle between the AuNRs, determined
from TEM studies, is 125 = 30° (Figure 3), and if these
angles were present in fused rods already existing in so-
lution, both of the rods would not be able to simulta-
neously align perfectly with the flow. As sketched in Fig-
ure 5C, two AuNRs that are fused will have a significant
component of their total transversal absorption paral-
lel with the flow, which should lead to a lowering of the
LD signal compared to two unlinked rods. The LD sig-
nal for the linked AuNRs is more than twice the signal
for unlinked AuNRs. Assuming that the yield of rods is
not higher for linked rods than for unlinked rods (as
seen from several TEM images), the LD results suggest
that both rods in the dimers are well-oriented with the
flow. Thus the LD measurements indicate that the
linked AuNRs are not fused in solution. It should be
noted that the LD study cannot exclude the less likely
case that some of the rods are fused so weakly that the
shear flow changes the angle between the two. To be
able to draw quantitative conclusions about the degree
of alignment, a thorough LD study of gold rods of dif-
ferent aspect ratios is required (work in progress).

CONCLUSION

In summary, we have introduced a new approach
to the synthesis of end-to-end linked gold nanorods
(AuNRs). While previous schemes for end-to-end link-
ing of AuNRs all involve modification of the AuNR after
the growth is completed, it has here been shown that
end-to-end linked rods can be formed by assembling
the seeds before the rod synthesis. Adding a water-
soluble dithiol PEG molecule (MW = 3400) to citrate-
stabilized gold nanoparticle seeds leads to the forma-
tion of linked seeds that can subsequently be used to
form nanorods via a standard growth procedure. We
show that we can form a nanogap of 1—2 nm between
the rods, a size that is perfectly suited for single mol-
ecule electronics. In this report, we focused on optimiz-
ing the yield of linked rods, and the applied concentra-
tion of SH-PEG-SH is therefore much higher than the
concentration of seeds. By using excess of gold nano-
particles relative to the linking dithiol molecule, this
method can provide access to a single molecule
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connecting two rods. In essence, our method hence
demonstrates a possible way to fabricate a nanostruc-
ture with a single molecule connected between two
nanoelectrodes by bottom-up chemical assembly.

A fraction of the formed AuNRs dimers appears
fused in TEM, and we speculate that the fusing is partly
due to evaporation of the solvent on the solid sub-

MATERIALS AND METHODS

Materials. Cetyltrimethylammonium bromide (CTAB, 99%), so-
dium tetrahydridoborate (NaBH,4, 99%), and hydrogen tetrachlo-
roaurate(lll) trihydrate (HAuCl,, 99.9%) were obtained from Ald-
rich Chemicals. Ascorbic acid and trisodium citrate (>99%) were
obtained from Merck. Dithiol-functionalized polyethylene gly-
col, SHCH,CH,0(CH,CH,0),CH,CH,SH, n =~ 65 (SH-PEG-SH, MW
= 3400), was obtained from Laysan Bio. All reagents were used
as received, and all glassware was thoroughly cleaned with a so-
lution of sulfuric acid and potassium dichromate before use. Wa-
ter was purified using a Millipore-MilliQ setup for ultrapure wa-
ter (18.2 MQ).

Synthesis and Assembly of Gold Seeds. The synthesis of citrate-
stabilized gold seeds was carried out as described elsewhere.?®
Briefly, gold seeds were prepared by adding 0.5 mL of 0.01 M
aqueous HAuCl, and 0.5 mL of 0.01 M aqueous sodium citrate
to 18.4 mL of MilliQ water under magnetic stirring. Then 0.6 mL
of freshly prepared ice-cold 0.1 M NaBH, was added, and the so-
lution changed from colorless to red/orange, indicating seed
particle formation. Stirring was stopped, and the seeds were left
undisturbed for 2 h; the synthesis was performed under nitro-
gen atmosphere. For assembly of gold seeds, SH-PEG-SH solu-
tions of different concentrations were prepared in degassed wa-
ter and added to the gold seeds to leave final SH-PEG-SH
concentrations in the seed solutions ranging from 1.67 uM to
0.33 mM. The addition of SH-PEG-SH to the seeds induced a small
color change from red/orange to light red/purple, indicating as-
sembly of the particles. The solution was stirred briefly by vortex-
ing and left undisturbed for 1 h.

Growth of End-to-End Linked Gold Nanorods. The growth of AuNRs
follows the procedure described elsewhere.° In brief, three cen-
trifuge tubes were labeled A, B, and C. Each consisted of 9 mL
of 0.1 M CTAB, 0.25 mL of 0.01 M HAuCl,, and 50 pL of 0.1 M
ascorbic acid. One milliliter of the linked seeds was added to the
growth solution in tube A, which was inverted 10 times to mix
and left for 30 s. One milliliter was transferred from tube A to
tube B, which was inverted 10 times to mix and left for 60 s. One
milliliter was transferred from tube B to the tube containing
growth solution C, which was inverted 10 times to mix and left
undisturbed for 48 h at 27 °C. The rods settled at the bottom, and
the top solution, consisting mainly of spherical particles, was dis-
carded. The rods were further purified by several rounds of cen-
trifugation. Note that, for synthesis of unlinked nanorods, 1 mL of
seed particles with no SH-PEG-SH linker was added to tube A in-
stead, and then an identical growth protocol was used.

TEM. Conventional transmission electron micrographs (TEM)
were obtained on a Philips CM20 instrument operated at 200
kV, while high-resolution micrographs were obtained with a
JEOL JEM 2010F HRTEM (200 kV field emission gun). For TEM im-
aging, a droplet of sonicated gold rods was cast on Formvar cop-
per grids and left to evaporate.

Flow-LD and UV—Vis Measurements. Linear dichroism is defined as
the difference in absorbance of linearly polarized light parallel and
perpendicular to a macroscopic orientation axis (here the flow di-
rection): LD(\) = Aj(\) — AL(N). Samples with unlinked or linked
gold nanorods were oriented in a Couette flow cell with an outer
rotating cylinder at a shear gradient of 3000 s~'. LD spectra were
measured on a Jasco J-720 CD spectropolarimeter equipped with
an Oxley prism to obtain linearly polarized light. All spectra were
baseline-corrected by subtracting the spectrum recorded for the
non-oriented sample. All LD spectra were corrected for the
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strate. Flow-LD was introduced as a suitable tool to
study AuNRs in solution. By aligning the AuNRs in a
flow, the absorption parallel and perpendicular to the
long axis of the AuNR can be measured. It was observed
that the linked AuNRs align much better with the flow,
and we argue that it is because the rods are to a large
extent not fused in solution.

isotropic absorption. The isotropic UV—vis spectra were recorded
on a Jasco V-530 and corrected for scattered light.
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