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Abstract: The assembly of metal nanocrystals offers a flexible method for creat-
ing new materials with tunable, size-dependent optical properties. Here we study 
the lateral assembly of gold nanorods into arrays, which leads to strong colour 
changes due to surface plasmon coupling. We also demonstrate the first example 
of gap modes in colloid systems, an optical mode in which light waves propa-
gate in the channels between the gold rods. Such modes resonate at wavelengths 
which strongly depend on the gap width and length.

Keywords: chain length; gap modes; gold nanorods; lateral assembly; surface 
plasmons.

1  �Introduction
The localised surface plasmon resonance (LSPR) in metal nanoparticles is 
due to the coherent oscillation of conduction electrons and is highly sensitive 
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to the dimension and shape of the nanoparticle [1, 2]. The localised surface 
plasmons of two individual nanoparticles at small interparticle separation 
(i.e. interparticle separation less than 2.5 times the particle diameter), inter-
act, primarily through dipole coupling. This leads to the generation of hybrid-
ised plasmon modes [3–6]. These hybridised plasmons have found application 
in techniques such as surface enhanced Raman spectroscopy (SERS), and in 
plasmonic waveguides [3, 7–10]. While spherical nanoparticle assemblies have 
been extensively investigated [11–16], there are fewer studies on the assemblies 
of gold nanorods. The shape anisotropy of nanorods provides the opportu-
nity to align nanorods in different orientations in the assembly and therefore 
to generate unique optical features. Gold nanorods have been successfully 
aligned in either a lateral (side-to-side) or longitudinal (end-to-end) manner 
using thiol coupling chemistry. Typically investigations of these assemblies 
are carried out in solution and the resultant extinction spectra originating 
from ensembles are broad and difficult to interpret [17–19]. A convenient way 
to understand the origin of various bands in lateral and longitudinal assem-
blies of Au nanorods is by investigating these systems using single particle 
spectroscopy [20–22].

Recent advances in dark field spectroscopy permit the direct correlation 
of the nature of nanoparticles to the scattering spectra of the individual parti-
cles [23]. Funston et al. [20, 24] originally utilised this method to examine the 
coupling of L and T Au nanorod dimers and trimers, while Shao and colleagues 
[22] have investigated the angle dependence of the rod dimer scattering spectra. 
Kumar et  al. have carried out systematic studies on the longitudinal [25] and 
lateral [26] coupling of Au nanorods in solution, and they also investigated 
the optical behaviour of longitudinally assembled Au nanorods using dark 
field spectroscopy [21]. Herein we investigate the plasmon coupling in laterally 
assembled gold nanorod arrays (from an isolated nanorod to an assembly of five 
nanorods), with interparticle distances smaller than 2 nm. The spectral response 
of the clusters to polarised light are presented and correlated with the structure 
of the lateral assembly to enable full understanding of their spectroscopic sig-
nature. Theoretical modelling of these arrays has also been carried out, in order 
to confirm the assignment of these hybrid modes. Importantly, we find the exist-
ence of a new optical mode in the arrays, which is assigned to a gap mode. While 
gap modes are known for interacting planar metal films, they have only been 
observed for colloid particles coupled to macroscopic, planar metal films [27, 28]. 
Gap modes have not been observed previously in pure colloid systems. Because 
these modes could play a decisive role in SERS and waveguiding in nanoscale 
systems, investigations of such modes constitutes an important direction in 
surface plasmon spectroscopy.
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2  �Experimental details

2.1  �Chemicals and synthesis

Gold(III) chloride trihydrate (AuHCl4·3H2O) (99.9+%), silver nitrate (AgNO3) 
(≥99%), sodium borohydride (NaBH4) (≥99%), (3-mercaptopropyl)-trimethoxy
silane (MPS) (95%), trisodium citrate and ascorbic acid (≥99%) were purchased 
from Sigma Aldrich. Cetyltrimethylammonium bromide (CTAB) (98%) was pur-
chased from Ajax Chemicals. ITO coverslips were purchased from SPI. All chemi-
cals were used without further purification. Ultrapure water (Milli-Q) was used 
throughout. Au nanorods of varying aspect ratios were synthesised by following 
the seed mediated method reported by El-Sayed and coworkers [29].

2.2  �Self-assembly

The lateral assembly (also termed side-by-side assembly) of nanorods was driven 
by electrostatic interaction between the positively charged CTAB on the surface 
of the nanorod and negatively charged citrate anions added to the solution [30]. 
Lateral assembly of nanorods was then achieved by adding sodium citrate (3 μM) 
to the Au nanorod solution (0.012 nM) in water. The lateral assembly was moni-
tored by following changes in the extinction spectra of the nanorods in solution. 
Freshly prepared ITO coated glass slides functionalised with (3-mercaptopropyl)-
trimethoxysilane (MPS) [31], were dipped in the Au nanorod solution at different 
assembly stages (times) for 10 s, then removed, rinsed thoroughly with water and 
dried under a flow of nitrogen (Scheme 1). Monomers and dimers were observed 
on glass slides prepared 5 min after the addition of citrate, whereas trimers and 
tetramers were observed after 15 min of the addition of linker.

2.3  �Spectroscopy

The assemblies deposited on the ITO slides were characterised using correlated 
scanning electron microscopy (SEM) and dark-field microscopy (DFM). Assem-
bled nanostructures were imaged using a Nova Nanolab SEM and, following 
identification of a structure of interest, markers were etched in the substrate in 
a known location using a focused ion beam. The markers allow pattern match-
ing between the electron microscope and optical microscope [23]. The scattering 
spectra of the individual assemblies of interest were collected using a dark field 
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microscope with a 0.8−0.95 NA dry dark field condenser and a Nikon Plan Fluor 
ELWD 40x/0.60 NA objective. The collected light was focused onto the entrance 
slit of a MicroSpec 2156i imaging spectrometer coupled to a TE-cooled CCD (Acton 
Pixis 1024). Polarised scattering spectra were collected by rotating a polariser 
(LPVIS 100, Thorlabs) in the light path just after the light source.

2.4  �Calculations

Simulations using the finite element method (COMSOL Multiphysics v4.3) were 
utilised to model the optical properties of laterally assembled nanorod clusters. 
Details are provided in the Supporting Information.

3  �Results and discussion
The basic processes used to make and assemble the gold nanorods are illustrated 
in Scheme 1. It is important to recognise that while the rods are assembled in 

Scheme 1: Diagram illustrating the basic assembly process used.
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solution, the particles are transferred to a microscope slide for spectroscopic meas-
urements. It is important to avoid aggregation during this step. SEM images and the 
corresponding scattering spectra obtained for the nanorod assemblies, arranged 
in a side-by-side fashion with an aspect ratio of ~2.3, are shown in Figure 1. For 
polarisation orthogonal to the interparticle axis (indicated by blue arrows), the 
wavelength of the surface plasmon resonance exhibits a gradual blue-shift as the 
number of rods in the cluster increases. The scattering spectra of single nanorods 
with an average length of 54 nm and width of 23 nm exhibit a plasmon resonance at 
658 nm. The surface plasmon resonance blue-shifts to 640, 630, 626 and 623 nm for 
the dimer, trimer, tetramer and pentamer arrays, respectively (Figure 1a,f,k,p). Fits 
to these data reveal that the blue-shift asymptotes to a constant value of ~615 nm 
for more than 7–9 rods in the assembly. The calculated scattering spectra for these 
structures evince a similar trend (Figure 1b,g,l,q). Note that the slight variations 
in peak positions between the experimental and calculated spectra are due to the 

Fig. 1: Experimental and theoretical scattering spectra of Au nanorod arrays for: (left, blue 
traces): polarisation perpendicular to the interparticle axis; (right, red traces): parallel to 
the major interparticle axis. Centre: SEM images of the corresponding arrays from dimers to 
pentamers. FIB markers on the substrate were used as a reference for polarisation measure-
ments. The polarisation directions (orthogonal and parallel to the interparticle axis) are indi-
cated using blue and red arrows, respectively. All spectra were collected on ITO coated glass 
substrates in air. Scale bar = 200 nm.
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simplifying assumption in the simulations that the interparticle spacing between 
the rods is 1 nm. Furthermore, a constant refractive index for the environment is 
assumed, whereas in the experiment, there is a large discontinuity in refractive 
index at the air-ITO interface. Nevertheless the calculated spectra reproduce all 
the experimentally observed trends. It is evident that when the polarisation is per-
pendicular to the interparticle axis, the longitudinal plasmons of the rods interact 
repulsively, resulting in “antibonding modes” that are blue-shifted relative to the 
longitudinal mode of individual rods. The scattering cross-section increases as the 
number of rods in the assembly increases yielding better signal-to-noise in the dark-
field spectra. In contrast, for polarisation along the major interparticle axis (indi-
cated by red arrows), the surface plasmon resonance exhibits a clear bathochromic 
shift as the number of rods in the array increases. The peak shifts from 658 nm for 
the dimer to 704 nm for the pentamer (Figure 1d,i,n,s). This red-shifted peak can be 
attributed to attractive dipolar coupling across the gap region.

Importantly, a new band emerges in the low energy region. The intensity of 
this lower energy resonance also increases and blue-shifts with an increasing 
number of rods, becoming very evident for the gold nanorod lateral-pentamer. 
This new mode has not been experimentally detected previously in rod assem-
blies due to its low scattering intensity. We attribute it to coupling of the gap mode 
and the bonding dipole mode. Evidence for this assignment is provided from sim-
ulations discussed below.

For polarisation of the incident light along the pentamer interparticle 
axis, a dip is evident in the long wavelength region of the spectra. Simulations 
were carried out to provide direct visualisation of the induced dipoles and the 
surface charge density associated with the complex optical modes. The varia-
tion in surface charge density on the surface of laterally assembled nanorods 
(for those peaks and dips labelled with Roman numerals in Figure 1) are pre-
sented in Figure 2. Two laterally assembled gold rods with a nanoscale gap act 
as a so-called metal-insulator-metal (MIM) waveguide. Gap plasmons with small 
wavelengths < 100 nm [32] can propagate along this interface. The plasmons sup-
ported by the narrow gaps are reflected by the rod ends, so that the electric field 
has a maximum at the ends, and can form standing waves in the gap. Thus, these 
laterally assembled clusters can be considered as Fabry-Perot resonators, the 
wavelengths of which are mainly decided by the gap geometry. For the same gap 
width and rod length, the wavelengths for the gap modes are fixed, independent 
of the number of particles within the cluster, as apparent from the green dashed 
lines in Figure 1e,j,o,t. The relevant surface charge distributions for the different 
clusters exhibit similar behaviour, as shown in Figure 2. The curves are marked 
as ii, iii, iv and v and these correspond to the dips in the spectra in Figure 1. In 
contrast, the resonance wavelength of the bonding dipole mode with nanometric 
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gaps is strongly dependent on the cluster number. The peak wavelength is 598 nm 
for the dimer, whereas the scattering peak of the pentamer is around 726  nm, 
where it overlaps with the wavelength of the gap mode. The coupling between 
the bonding dipole mode and the gap mode gives rise to splitting of the scatter-
ing spectrum, and it then exhibits two peaks and one dip, instead of evincing the 
standard Lorentz line shape.

To confirm the assignment of the scattering peaks, experiments were 
performed using Au nanorods possessing the same length (54  nm) but with a 
larger thickness (30  nm). SEM images as well as the corresponding scattering 
spectra of the coupled structures are shown in Figure S1. Note that while the 
transverse modes are still located around 520–540 nm in this sample, the lon-
gitudinal modes are blue-shifted compared to those observed for longer rods. 
The plasmon resonance for the dimer is observed at 605 nm for both polarisa-
tion directions, orthogonal as well as parallel to the interparticle axis (Figure S1). 
Interestingly, the trimeric assembly exhibits a blue shifted peak at 600  nm for 
polarisation orthogonal to the interparticle axis, whereas a red-shifted peak at 
628 nm is observed for polarisation along the interparticle axis. Further shifts in 
peak positions are observed for the tetrameric assembly. The extent of the blue-
shift remains almost identical in comparison to the thinner rods for polarisation 
perpendicular to the interparticle axis. In contrast, thick rods show more pro-
nounced red-shifts relative to their thinner counterparts for polarisation along the 
interparticle axis. Hence, the blue shifted band due to the antibonding mode is 
less affected by the change in thickness of the nanorods, whereas the low energy 
mode is more sensitive to these parameters. As observed in the earlier case, good 

Fig. 2: Surface charge density plots for the modes associated with the dimer, trimer, tetramer 
and pentamer assemblies of Au nanorods for polarisation of the incident light along the inter-
particle axis of the laterally assembled nanorod arrays. Roman numerals correspond to specific 
peaks in the experimental spectra in Figure 1. Colour bar represents the charge density scale.
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8      J. Kumar et al.

agreement is observed between the experimental and theoretical plots, support-
ing the conclusion that the bonding modes arise due to attractive coupling and 
antibonding modes due to repulsive coupling between surface plasmon modes 
in individual rods. It can be concluded that the position of the low energy band 
is largely dependent on the thickness of the nanorods, whereas the high-energy 
band varies with the length of the nanorods in the laterally assembled nanostruc-
tures. Furthermore, an additional long wavelength peak becomes prominent for 
the tetrameric assembly, in agreement with the earlier observation.

In order to systematically analyse the gap modes, the spectra of two laterally 
aligned rods with different lengths and gaps have been modelled. The calculated 
absorption, scattering and extinction spectra for a dimer are shown in Figure S2. 
The extinction peak at around 678 nm is due to the gap mode. Next, we study the 
optical properties of dimers as a function of the nanorod length. As is evident 
from the calculations depicted in Figure 3a, the longer the nanorod, the greater 

Fig. 3: (a) Calculated extinction spectra of spherically capped gold nanorods versus rod length, 
l (nm). (b) Surface charge distribution of the higher order gap mode. (c) Peak wavelength of first 
order gap mode versus length. Parameters: w = 30 nm, g = 1 nm, the permittivity of environment 
ε = 1.
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the number of cavity modes that can be supported. Figure 3b shows the surface 
charge density associated with a high order gap mode. It is pertinent to note that 
the peaks of the same order exhibit an obvious red-shift as the nanorod length 
increases. This can be explained by the condition for surface plasmon standing 
waves: l = m λSP/2 = m λ/2neff, where m is an integer, λSP is the wavelength of the 
surface plasmon and λ is the free space wavelength associated with the gap mode 
resonance and neff, is the effective refractive index. As l increases, the correspond-
ing resonance moves to longer wavelengths, as shown in Figure 3c.

The influence of the gap width on optical properties by varying the gap 
between 0.5 and 7  nm is shown in Figure 4a. The bonding mode exhibits a 
blue shift from 559 to 508 nm as the gap width increases (Figure 4b). Remark-
ably, the gap mode undergoes a much larger shift (237 nm) from 837 to 600 nm 
when the gap increases from 0.5 to 4 nm. Thus, the gap mode is nearly 5 times 

Fig. 4: (a) Calculated extinction spectra of spherically capped gold nanorods for different gap 
widths, g (nm). (b) Peak wavelength of the bonding mode versus gap width, g (nm). (c) Peak 
wavelength of the first order gap mode versus gap width, g (nm). Parameters: w = 30 nm and 
l = 90 nm, ε = 1.
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10      J. Kumar et al.

more sensitive than the bonding mode. In addition, the gap mode has a sharper 
profile and smaller linewidth than the conventional dipole mode, which opens 
up new possibilities for optical sensing applications. It should be noted that the 
wavelength of the gap mode initially decreases rapidly, then shifts more slowly, 
as shown in Figure 4c. This trend can be qualitatively explained by l = m λ/2neff, 
in which neff exhibits an exponential decay as the gap width increases from 1 to 
~10 nm [32].

4  �Conclusions
In summary, using colloid chemical methods we have assembled one-dimen-
sional nanorod structures and monitored the coupling of the SP modes using 
dark field spectroscopy. The light scattering properties of laterally arranged Au 
nanorod assemblies ranging from dimer to pentamer have been investigated and 
compared to modelling results obtained using FEM. The presence of bonding and 
antibonding modes gives rise to red- and blue-shifts respectively, as the number 
of rods in the arrays increases. The shift decreases with increasing rod numbers 
and appears to asymptote to a finite energy for about 7–9 laterally coupled gold 
nanorods. We have also shown that new hybridisation modes arise for higher 
order assemblies. These involve the propagation of light as gap modes. Molecules 
in the channels between these rods may couple strongly to the gap modes, pro-
viding a new method for spectroscopic detection and identification of low con-
centrations of adsorbed analytes.
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