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dipole plasmons couple strongly together, resulting in a low-

ering of the resonance energy. [ 11,12 ]  The red-shift in the peak 

energy of coupled plasmon absorption is determined cru-

cially by the inter-particle distance ( l  gap ). [ 13 ]  Aggregation of 

additional rods into the chain further shifts the mutual cou-

pled resonance (creating a chain plasmon). Additionally, the 

nano-junction between the rods leads to the accumulation of 

a very large electric fi eld enhancement in the interstitial gap. 

 This localized enhancement in the nano-junction may be 

exploited for applications such as surface-enhanced Raman 

spectroscopy (SERS). [ 14–16 ]  Crucially, the strength of the fi eld 

enhancement is highly dependent upon nanoparticle separa-

tion. The largest and thus most desirable fi eld enhancements 

occur for  l  gap  ≈ 1 nm. [ 14,17 ]  However, the ability to reproduc-

ibly defi ne and control the interstitial junctions where these 

intense fi eld amplifi cations occur (so called “hot-spots”) for 

sub-nanometer distances is a signifi cant challenge. 

 Aligning AuNRs end-to-end using a number of 

approaches, including supramolecular assembly, [ 18,19 ]  solvent 

interactions, [ 20–23 ]  lithography [ 24 ]  and other techniques have 

been presented. However the majority of published work 

focuses on achieving long chain lengths with little or no con-

trol, or reproducibility, of the crucial inter-rod separations. 

Work by Kumacheva et al. has perhaps made the most signifi -

cant advances in controlling such parameters when aligning 

AuNRs. They have shown that the coupling between AuNRs 

can be used to determine the degree of AuNR assembly as 

well as highlighting that such assemblies are useful for SERS 

applications. [ 25,26 ]  However such an approach to assembly is 

only able to obtain, at the smallest, inter-rod separations of 

8.2 ± 1.1 nm. Recently, Mirkin et al. used elegant lithographic 

techniques to highlight the importance of AuNR separations 

<2 nm, noting that at these small separation distances high 

enhancement factors are achievable and important for SERS 

applications. [ 24 ]  However, large scale solution-phase methods, 

leading to reproducible inter-rod separations that are <5 nm 

have yet to be achieved. 

 It was recently shown that cucurbit[ n ]urils (CB[ n ]s) are 

capable of reproducibly controlling the desired distance 

between spherical nanoparticles by acting as a rigid spacer, 

defi ning the separation to be 0.9 nm. [ 27–30 ]  CB[ n ]s are rigid 

macrocycles consisting of  n  glycoluril repeat units, where 

 n  = 5–8. In addition to spacing the inter-particle junction, 

CB[ n ]s also have a hydrophobic cavity capable of guest 

incorporation, thus placing the SERS target molecule in the DOI: 10.1002/smll.201401063
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  Noble metal nanoparticles have the unique ability to guide 

and localize light at the nanometer scale, a feature at the heart 

of the fi eld of plasmonics. Upon exposure to light, nanoparti-

cles exhibit free electron oscillations referred to as localized 

surface plasmon resonances. [ 1–3 ]  The resonance energy of this 

nanoparticle plasmon is sensitive to the particle size, shape, 

local environment and crucially, proximity to other plasmon-

sustaining nanoparticles. [ 4,5 ]  Gold nanorods (AuNRs) are 

anisotropic nanoparticles that exhibit well-defi ned optical 

properties and have attracted much attention in biomedical 

applications such as bioimaging, [ 6 ]  biosensing [ 7–9 ]  and photo-

thermal therapy. [ 10 ]  For each distinct axis, nanorods support a 

unique plasmon mode, where the energy of each resonance 

is dependant on the length. For prolate nanorods there are 

two distinct resonances, the transverse and longitudinal, cor-

responding to electron oscillations along the short and long 

axes of the nanorod. For nanorods aligned end-to-end, and 

spaced less than their width apart, the individual longitudinal 
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very center of the hot-spot for optimal SERS sensing. [ 28 ]  

CB[ n ] as a molecular SERS container is particularly desir-

able as it allows for the sensing of analytes at the metal sur-

face that have no affi nity for the surface, or are not soluble in 

water, such as coumarin. [ 29 ]  However it is highly non-trivial 

to extend this work from spherical nanoparticles to nano-

rods, due to the required anisotropic binding. 

 Here, solution-phase synthesis in combination with the 

unique binding ability of CB[ n ] are used to align AuNRs and 

provide precise and reproducible control over the AuNR 

separation distance of 0.9 nm ( Figure    1  ). Full electromag-

netic simulations of the optical extinction matches those seen 

from the experimental AuNR chains. In addition, alongside 

the ability of CB[ n ] to incorporate guest molecules, our large 

enhancements achieved are exploited to detect a standard 

Raman dye, rhodamine 6G (R6G), in solution using SERS.  

 AuNRs with an aspect ratio of 3.3 (36 nm long × 11 nm 

thick) were synthesized by the well-documented seed-medi-

ated technique. [ 21 ]  AuNRs of this size give rise to plasmon 

modes at 510 nm and 712 nm for the transverse and longi-

tudinal modes, respectively. In this aqueous phase synthetic 

technique, gold nanoparticle (AuNP) seeds are added to a 

cetyltrimethylammonium bromide (CTAB) and gold salt 

(Au 3+ ) growth solution. Upon addition of a mild reducing 

agent, the Au 3+  salt is reduced and begins to add to the 

AuNP seeds. On account of the concentrated CTAB envi-

ronment the growth is controlled to yield a rod like geom-

etry. [ 31 ]  This leads to AuNRs coated by a bilayer of CTAB 

molecules, which are more tightly bound along the {100} 

longitudinal facet of each rod compared with the curved 

{111}-end facets. [ 32 ]  Removal of CTAB from the {100} facets 

is signifi cantly more challenging than removal from the {111} 

facets. Functionalization of the {100} facet has been shown to 

require the use of additional solvents, such as ethanol, which 

destabilizes the CTAB bilayer. [ 33 ]  By contrast, functionali-

zation of the curved {111}-end facets occurs far more easily, 

which has allowed for the preferential end-functionalization 

of AuNRs. [ 18–20,22 ]  

 This unique property is exploited to allow alignment of 

AuNRs using CB[ n ] yielding defi ned and reproducible sep-

aration distances of <1 nm. An aqueous solution of AuNRs 

was centrifuged to remove excess CTAB followed by the 

addition of a 1:1 solution of H 2 O:CB[5] (1 mM), which was 

repeated twice. This process preferentially destabilized the 

CTAB bilayer at the curved {111} end facets of the AuNRs 

so that upon addition of CB[5], alignment occurs in an end-

to-end manner. After one centrifuge wash cycle a small blue 

shift was observed in the longitudinal mode, which is typically 

associated with the removal of excess CTAB. [ 34 ]  No signifi -

cant shifts were observed until another centrifuge wash cycle 

was conducted and the CB[5] concentration exceeded that of 

the initial CTAB concentration. After two wash cycles, CTAB 

is only weakly associated at the rod ends. Upon further addi-

tion of CB[5], the peak resonance wavelength of the longi-

tudinal mode red-shifts dramatically to the IR region of the 

spectrum ( Figure    2  ), placing the absorbance in the centre of 

the biologically relevant range for imaging. This large shift of 

the longitudinal mode and small shift in the transverse mode 

is characteristic of AuNR end-to-end alignment. [ 12,21,22 ]  It was 

also possible to align the AuNRs by addition of double the 

amount of CB[5] after two successive water washes, although 

this method led to some undesired precipitation of AuNRs.  

 The extent of the red-shift indicated end-to-end assem-

bled AuNRs with very small inter-rod separations and is 

consistent with results obtained from full electrodynamical 

calculations (Figure  2 ). The position of the lowest energy 

dipolar extinction peak, as obtained from a calculation of a 

straight linear chain of rods separated by a 1 nm gap is shown 

in Figure  2 a. For longer chains, the peak is located at lower 

energies, with a saturation of the red-shift being observed 

   Figure 1.    Scheme representing a) the alignment of AuNRs via CB[5] giving 
a defi ned separation distance of 0.9 nm ( l  gap ) and b) the alignment of 
AuNRs via a 1:1 mixture of CB[5] and CB[7], gives structures capable of 
encapsulating guests from solution. 

   Figure 2.    a) Visible to near infrared (Vis–NIR) spectra showing effect of 
washing untreated AuNRs (blue) against a CB[5] solution (red) twice and 
peak of the long wavelength resonance  λ  max  vs the number of AuNRs per 
chain taken from full electrodynamical calculations (green). The inter-rod 
separation distance is assumed to be of 1 nm in these calculations. 
b,c) TEM images showing alignment of AuNRs after washing with CB[5]. 
Scale Bars = 20 nm. 
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as more rods are added. The peak for single particles corre-

sponds well to the measured result for unwashed rods, while 

the broad peak obtained experimentally with CB[5] covers 

the spectral range where the calculated chain resonances are 

found. Thus, this broad spectra is interpreted as an average of 

the spectra of linear chains of different lengths. 

 Transmission electron microscopy (TEM) was under-

taken on samples after two centrifuge wash cycles with CB[5]. 

Conventional TEM analysis yielded only a small number of 

short AuNR chains and a number of larger aggregates, likely 

due to undesirable aggregation upon drying (Figure  2 b,c). 

Analysis of the AuNR separation distances reveals that the 

average separation was 1.0 ± 0.3 nm, which is consistent with 

previous observations [ 28 ]  and with the expected height of 

one CB molecule. [ 35 ]  Cryo-TEM avoided drying effects and 

analysis of the obtained micrographs highlighted the size of 

the aggregates formed in solution, [ 36 ]  with the observed struc-

tures being consistent with visible to near infrared (Vis–NIR) 

spectroscopy and predictions from our electromagnetic cal-

culations. The use of cryo-TEM also allowed for tomographic 

imaging to be conducted on the aligned chains ( Figure    3  e), 

rendering a better understanding of the three-dimensional 

structure of the aligned AuNRs.  

 To understand the details of the spectra observed in 

Figure  2 , we perform additional simulations of the optical 

response of AuNR chains in water, considering the pres-

ence of kinks along the chains as observed in the Cryo-TEM 

images in Figures  3 . We model straight linear chains with a 

boundary element method (BEM [ 37 ] ), and kinked disordered 

chains with a multiple multipole method (OpenMax). [ 38,39 ]  In 

all simulations, the modelled rods are rotationally symmetric, 

36 nm long, have a 11 nm diameter, and a plane-wave illu-

mination with wave-vector perpendicular to the plane con-

taining the chain is considered. A permittivity of 1.77(H O)2ε =  

for water and the dielectric values for Au from Johnson and 

Christy [ 40 ]  are used. 

 We fi rst consider the effect of disorder in the chains. We 

have previously shown that the long-wavelength dipolar 

modes of chains formed by spherical particles are quite insen-

sitive to disorder. [ 41 ]  A similar behavior is observed here 

for AuNR chains when comparing a perfectly linear struc-

ture and a disordered confi guration with signifi cant kinks 

( Figure    4  a). The  l  gap  between the fi ve rods constituting each 

chain is 1 nm, and the indicated electric fi eld polarization was 

chosen to excite the longitudinal mode along the chain. The 

lowest energy dipolar extinction peak is observed at a wave-

length near 925 nm for the two geometries being compared 

(Figure  4 a), exhibiting a comparable strength and an almost 

identical peak position. The distribution of the near fi eld 

(insets) show how the electric fi elds are confi ned along the full 

chains, and particularly at the gap positions. The largest fi eld 

located at one of the gaps (Figure  4 a, insets) is approximately 

565 and 455 times the incident fi eld for both the straight and 

disordered chains, respectively. By taking the fourth power of 

these values, we estimate that SERS enhancements between 

10 and 11 orders of magnitude may be possible.  

 As the introduction of disorder into the AuNR chains 

does not infl uence the resonance, further simulations were 

carried out on perfectly straight chains with the fi eld polarized 

along the axis (Figure  4 b,c). The calculations emphasize the 

importance of narrow gaps. Figure  4 b shows the resonant 

wavelength of the lowest energy mode for different inter-

particle separations and increasing number of rods per chain. 

All gaps considered exhibit the general behavior discussed 

for 1 nm gaps, with an increasing red-shift for longer chains 

that approaches a saturation value. Critically, narrower gaps 

resulted in stronger interaction between rods and thus much 

larger red-shifts. For example, when  l  gap  = 4 nm the lowest 

energy peak shifts from 725 nm for one rod to 840 nm (Δ λ  = 

115 nm) for 8 rods. In contrast, with a 1 nm gap, the corre-

sponding shift is from 725 nm to 960 nm (Δ λ  = 235 nm). 

 Figure  4 c displays the enhancement corresponding to the 

average of the fi elds found at the center of each gap ( l  gap /2), 

normalized by the strength of the illuminating plane wave. 

The values for the frequency of maximum enhancement are 

plotted, which correspond to the low energy mode. When con-

sidering a single rod, a value at a position  l  gap /2 along the axis 

is used. With  l  gap  = 8 nm, the chaining has a relatively weak 

effect on the enhancement. However, for suffi ciently narrow 

   Figure 3.    a–d) Cryo-TEM images of AuNRs after two washes with CB[5] 
showing assembly of AuNRs. e) Computer-aided visualization of the 
cryo-electron tomogram obtained from the assembly shown in (d), a 
movie can be found in the ESI. 
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gaps (as in CB aligned AuNRs), the fi eld enhancement 

becomes signifi cantly larger when going from single rods to 

the dimer, remaining relatively stable for all longer chains. 

Interestingly, the maximum enhancement is not necessarily 

found for the longest chains. [ 30 ]  The achieved enhancement 

depends very strongly on the gap and is roughly proportional 

to the inverse of the gap distance. [ 42 ]  Thus, long chains are not 

helpful to increase the fi eld enhancement when compared 

to the dimer. As a consequence, for the largest gaps, the red-

shift and enhancement obtained were moderate. In contrast, 

the combination of narrow gaps and long chains obtained in 

this work using CBs allows us to simultaneously obtain very 

signifi cant red-shifts and large fi eld enhancements at the 

inter-rod gap. 

 The characteristic SERS spectra of the CB macrocycle 

has previously been used to identify CBs between spherical 

NPs. [ 19,28 ]  Here SERS spectra were recorded by irradiating the 

sample with a Raman pump laser (wavelength  λ  R  = 785 nm) 

using CB[5] to aggregate the AuNRs. These measurements 

show the characteristic signature for the CB wagging and 

stretching at 450 cm −1  and 825 cm −1 , respectively ( Figure    5  , 

highlighted green), confi rming the presence of CB[5] between 

the AuNRs. A larger homologue, CB[7], has a cavity that is 

able to incorporate many small molecules such as methyl 

viologen, [ 43 ]  adamantylamine, [ 44 ]  amino acids such as pheny-

lanaline, [ 45 ]  and dyes such as Rhodamine 6G (R6G) [ 46 ]  with 

high binding affi nities. [ 47 ]  A mixture of CB[5], CB[7] and a 

suitable guest resulted in the best SERS enhancements, as 

the CB[5] aggregates the AuNRs whilst the CB[7] binds the 

analyte and brings it into the SERS hot-spot. We note that 

this approach does not disrupt alignment of the AuNRs, and 

that CB[7] can also be used to align AuNRs alone (see ESI), 

although the formed structures and enhancements observed 

are then not optimal. R6G was selected to highlight the effec-

tiveness of the CB[5]/CB[7] system as a SERS sensor as its 

binding within the CB[7] cavity is well known. [ 46 ]  Note that 

the dye is pumped non-resonantly by the Raman pump so 

there is no electronic contribution to the SERS. Addition-

ally, R6G has characteristic SERS absorbances at 610 cm −1 , 

1360 cm −1 , 1500 cm −1 , and 1650 cm −1 , which are signifi cantly 

different to the characteristic CB[ n ] absorbances (Figure  5 c). 

When R6G was analyzed in the presence of AuNRs but 

   Figure 4.    Calculations depicting a) the direct comparison between 
straight (blue) and “kinked” (red) chains of 36 nm × 11 nm AuNRs at 
1 nm separation and fi eld distribution at the lowest energy resonance 
for each case (insets), b) the effect of increasing chain length, on the 
extinction spectrum peak for straight chains, with rod separations of 
0.6–8 nm and c) the effect of increasing chain length, on the average 
near fi eld at the center of the gaps, for straight chains with rod 
separations of 0.6–8 nm. 

   Figure 5.    a) SERS spectrum and schematic representation of AuNRs 
washed against CB[5] and CB[7] in the presence of 100 n M  R6G, b) SERS 
spectrum and schematic representation of AuNRs washed against only 
CB[5] in the presence of 100 n M  R6G, c) Raman spectrum and chemical 
structure of R6G with characteristic peaks highlighted pink and d) SERS 
spectrum of AuNRs subjected to the centrifuge wash cycle in the 
absence of CB[ n ]. Characteristic peaks for CB[ n ] are highlighted orange. 
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without any CB present, no SERS spectrum was observed 

as there were no hot-spots present (Figure  5 d). Assembly of 

AuNRs in the presence of R6G (100 n m ) and CB[5] alone, 

yielded only the characteristic SERS spectrum of CB[5] 

and trace amounts of R6G, barely distinguishable from the 

baseline (Figure  5 b) due to the inability of R6G to occupy 

the hot-spot between aligned AuNRs. By contrast, the detec-

tion and enhancement of R6G (100 n m ) is pronounced when 

CB[5] and CB[7] are used together, due to the sequestration 

of R6G in the hot-spot through CB[7] capture from solution 

(Figure  5 a). An additional advantage of our nano-assembly 

is the specifi c orientation of the R6G molecules within the 

CB[7] to the longitudinal optical fi eld inside the gap, selecting 

only certain lines from the Raman selection rules.  

 In conclusion, it has been shown that solution synthesized 

AuNRs can be successfully aligned with inter-rod separations 

of 0.9 nm using the macrocycle CB[ n ]. The presence of CB[ n ] 

at the inter-rod junction was confi rmed by SERS and by 

analysis of TEM images giving average separations consistent 

with the height of one CB[ n ]. The electromagnetic simula-

tions showed that narrow gaps are critical to obtain large 

fi eld enhancement at the gaps, and that both the gap distance 

and the length of the assembled chain controls the red-shift, 

allowing for the generation of a dipolar peak well into the 

infrared. In addition, by combining the controlled aggrega-

tion of AuNRs at small inter-rod separations, with the larger 

CB homologue (CB[7]) the system has been shown to be an 

effective SERS based sensor for molecules in solution at very 

low concentrations (<100 n m ). By controlling the aggregation 

of AuNRs with small inter-rod separations it is possible to 

signifi cantly shift the absorbance into the biologically rele-

vant region of the electromagnetic spectrum. Combining such 

aggregates with the host-guest ability of CB[ n ] may allow for 

the SERS based sensing of analytes in biological relevant 

environments.   
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