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1. Introduction

Angle-resolved plasmonic photocapacitance of
gold nanorod dimersy

Sudip Kumar Pal,® Dorothy Bardhan,® Debarun Sen,? Hirak Chatterjee®
and Suijit Kumar Ghosh @ *®

The assembly of nanostructures with plausible statistical orientations has provided the opportunity to
correlate physical observables to develop a diverse range of niche applications. The dimeric
configurations of gold nanorods have been chosen as atypical model systems to correlate
optoelectronic with mechanical properties at a number of combinations of angular orientations. Metals
are considered as conductors in electronics and reflectors in optics — therefore, metallic particles at the
nanoscale exhibit unique optoelectronic characteristics that enable the design of materials to meet the
demand of the modern world. Gold nanorods have often been adopted as prototypical anisotropic
nanostructures owing to their excellent shape-selective plasmonic tunability in the vis-NIR region. When
a pair of metallic nanostructures is sufficiently close to exhibit electromagnetic interaction, the evolution
of collective plasmon modes, substantial enhancement of the near-field and strong squeezing of the
electromagnetic energy at the interparticle spatial region of the dimeric nanostructures occur. The
localised surface plasmon resonance energies of the nanostructured dimers strongly depend on the
geometry as well as the relative configurations of the neighbouring particle pairs. Recent advances in the
‘tips and tricks’ guide have even made it possible to assemble anisotropic nanostructures in a colloidal
dispersion. The optoelectronic characteristics of gold nanorod homodimers at different mutual
orientations with statistical variation of the angle between 0 and 90° at particular interparticle distances
have been elucidated from both theoretical and experimental perspectives. It has been observed that the
optoelectronic properties are governed by mechanical aspects of the nanorods at different angular
orientations of the dimers. Therefore, we have approached the design of an optoelectronic landscape
through the correlation of the plasmonics and photocapacitance through the optical torque of gold
nanorod dimers.

Noble metal nanostructures have been recognised because of
their unique plasmonic properties in the visible-NIR region

The spatial organisation of plasmonic nanostructures results in
unique optoelectronic properties governed by mechanical
aspects. This enables the design of a growing number of
materials for applications in the miniaturisation of modern
nanoelectronic devices." The fabrication of highly energetic
capacitors based on nanostructures is becoming crucial for
electrical energy storage because of their significant burst power
and enhanced storage capability.>* The harvesting of electro-
magnetic energy in free space results in uses in a diverse range
of niche applications, such as photovoltaics, communication,
optical fibers, data storage and integrated optical circuits.*®
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through squeezing, control and manipulation of light in the
subwavelength dimensions, underlying the emerging field of
plasmonics. The energy of the localised surface plasmon reso-
nance is found to be highly sensitive to the morphology, inter-
particle interaction and local environment around the
nanostructures.® Gold nanorods have often been considered
typical model nanostructures due to the distinctive transverse
and longitudinal plasmon maximum, the sensitivity of longi-
tudinal resonances towards polarisation and high electrical
conductivity depending on the dimensionality of the system.”
Recent advances in the ‘tips and tricks’ guide in the bottom-up
assembly of gold nanorods into tailored architectures attribute
cumulative physical and material properties to special func-
tionalities.®* While a couple of nanorods are sufficiently close to
exhibit electromagnetic interaction, there occurs the evolution
of collective plasmon modes, modification of plasmon reso-
nance energies and enormous enhancement of near field
intensities, even up to the order of ~10° within a small volume
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and at the junction between the nanostructures.®* This offers
unique opportunities to investigate their metamaterial proper-
ties."** The electromagnetic coupling effect between metallic
nanostructures can be realised using the concept of a plasmon
hybridisation model that depicts the mixing of surface plasmon
modes due to excitation under the influence of an external
electric field. This is proposed as an analogy to the notion of
molecular orbital theory for dimeric chromophores.™

Several studies have revealed that the electromagnetic
coupling effect is very sensitive to the material composition,**
symmetry of the assembly,’” selectivity of the plasmon modes*®
and small changes in the end cap geometry."”*®* The surface
plasmon coupling in dimers composed of an extensive cata-
logue of rod-like nanostructures, such as faceted,' arrowhead,*
bipyramid,**** and dumbbell-shaped,” has shown that just
variation in the geometry governs the strength of the electro-
magnetic interaction at the junction of the particles. Numerous
special optical attributes, viz. exciton coupling,** Fano reso-
nances,” chiroplasmonic activities,”®* circular differential
scattering,”® trochoidal dichroism,” optoacoustic tomog-
raphy,® and two-photon photoluminescence® emerge as
a result of electromagnetic coupling amongst the adjacent
nanorods in the dimeric assemblies. The dimeric organisations
of gold nanorods are promising optical probes because of their
unique optical characteristics, such as destructive interfer-
ence,”  plasmon-induced  transparencies,®®  symmetry
breaking,** non-local effects,* Landau damping,*® anti-Stokes
Raman signal,®” and directional photoluminescence.*® Selec-
tive dimeric aggregates of rod-like nanostructures have also
attracted increasing amounts of interest for advanced techno-
logical applications, such as atomically resolved spectros-
copies,* plasmonic sensing,***' analytical detection,*” metal
enhanced  fluorescence,” surface enhanced Raman
scattering,**® photodetection,” molecular electronics,*® local-
ised plasmonic heating,** neuromodulators® and biomarkers
in living cells.®* When a couple of nanorods approach each
other, since the induced electric field can result in “capaci-
tance” in a plasmonic configuration, the storage of optoelec-
tronic energy becomes possible through integrating
plasmonic® and electronic*® characteristics. This forms the
basis of future optoelectronic devices.® It is evident that
although there have been extensive studies on plasmonic and
electronic properties, to date, attention has not been paid to the
mechanical aspects of the angle dependence in the dimeric
configuration of gold nanorods. Therefore, exploration of the
correlation between the mechanical and optoelectronic prop-
erties using dimeric configurations of gold nanorods at
different mutual orientations is critical for the utilisation of the
light-matter interaction at the nanoscale.

In this article, we have aimed to bridge plasmonics and
electronics through mechanics to resolve the angle dependence
in case of gold nanorod dimers from both theoretical and
experimental perspectives. An aqueous dispersion of gold
nanorods has been synthesised by following the seed-mediated
growth method and selective dimerisation amongst these
anisotropic nanostructures has been induced upon judicious
addition of specific organic molecules in the reaction medium.
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The plasmonic characteristics as a consequence of the electro-
magnetic interaction of the coupled nanorods have been
calculated as a function of the mutual orientation between
0 and 90° at an interval of 10° and compared with the experi-
mental results of two exemplary parallel and perpendicular
orientations. It has been observed that for a particular nanorod
length and aspect ratio, the plasmonic response of the adjacent
nanorods depends strongly on mutual orientations assuming
the interparticle distance to remain constant during the rota-
tion. Based on this perspective, we have determined the optical
torque and correlated this with the plasmonic properties and
capacitance from both theoretical and experimental perspec-
tives as far as has been practicable. Finally, the plausible
applicability of the gold nanorod dimers at different angular
orientations towards plasmonic photocapacitance integrating
optical and electronic characteristics has been elucidated. The
observation of the maximum capacitance at the parallel
configuration mimics the parallel plate capacitor model of
conventional electrostatics, which could pave the way towards
the design of state-of-the-art nanoelectronic devices.

2. Experimental
2.1 Reagents and instruments

All the reagents used were of analytical reagent grade. Chlor-
oauric acid (HAuCl,-3H,0), silver nitrate (AgNO;), cetyl-
trimethylammonium  bromide  (C;oH4,,N'Br™),  sodium
borohydride (NaBH,), ascorbic acid, 1,8-diaminooctane and
phloroglucinol (1,3,5-trihydroxybenzene) were purchased from
Sigma-Aldrich and were used as received. Double distilled water
was used throughout the course of the investigation.
Absorption spectra were recorded using a PerkinElmer
Lambda 750 UV-vis-NIR digital spectrophotometer taking the
sample in a 1 cm well-stoppered quartz cuvette. Transmission
electron micrographs (TEM) of the metal colloids were recorded
with a Hitachi H-9000NAR transmission electron microscope,
operating at 200 kV. The samples were prepared by mounting
a drop of each of the respective colloidal dispersions on carbon-
coated copper grids and allowing them to dry in air. The zeta
potentials of the gold nanorods before and after the addition of
the organic ligands were measured by using a Nano-ZS (Mal-
vern) test measurement system. Dark-field imaging was carried
out using an Olympus GX 51F inverted optical microscope by
illuminating the sample with a halogen light source (U-LH100-
3). The images of single nanostructures were recorded by
placing them at the entrance of an imaging spectrometer
(SpectraPro 150, Acton Research) and the spectra were detected
with a thermoelectrically cooled CCD camera (Prosilica
GE680C). An Ocean Optics Flame-T-UV-VIS-ES spectrometer
connected with the dark field microscope was used to measure
the single particle scattering spectra. The capacitance was
measured by using an FLIR DM-92 (Teledyne) digital multi-
meter with an AC voltage range between 0 and 1000 V. An
aqueous dispersion of gold nanorods was placed on the glass
slides using the drop cast method; the positive and negative
electrodes were connected at the two ends of the dispersion and
the value on the multimeter was recorded. Different simulation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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techniques such as the finite element method (FEM)* were
performed using the COMSOL Multiphysics software package
and DDSCAT code was used to compute the scattering coeffi-
cients using discrete dipole approximation (DDA) techniques.*
The optical constant of the bulk gold provided by Johnson and
Christy® has been used in all calculations.

2.2 Synthesis of gold nanorods

The preparation of gold nanorods was via the seeded-growth
approach in which spherical gold nanoparticles are used as
seeds to grow gold nanorods in the presence of a growth solu-
tion comprising Au(i), weak reducing agents, trace amounts of
AgNO; and cationic surfactant (CTAB) by following the protocol
reported by the Murphy group.®”*® The synthesis of gold nano-
rods was accomplished in two main steps, as follows.

2.2.1. Preparation of gold seeds. Monodisperse gold seeds
were prepared by mixing 5 mL of HAuCl,-3H,0 (0.5 mM) with
5 mL of CTAB (0.2 M) in an aqueous medium under stirring,
which forms a deep yellow colour. Then, one aliquot of 0.6 mL
of freshly prepared ice-cold NaBH, solution (10 mM) at a time
was added into the reaction mixture immediately and the stir-
ring was continued for 5 min. The colour of the dispersion
changes from yellow to deep brown indicating the formation of
gold seeds. The colloidal dispersion was incubated for 3-4 h
before the synthesis of the nanorods.

2.2.2. Preparation of gold nanorods. The as-prepared seeds
were then added to an aqueous solution consisting of metal
salt, ascorbic acid as the weak reducing agent, and CTAB as the
surfactant-directing agent. Thus, the growth solution for the
synthesis of gold nanorods consists of four reagents in different
stoichiometries. In a typical synthesis, 0.5 mL of HAuCl,-3H,0O
(10 mM), 5.0 mL of CTAB (0.2 M) and 120 pL of AgNO; (10.0
mM) solution were mixed with gentle shaking, and then 80 uL
of freshly prepared ascorbic acid (0.1 M) solution was added to
the reaction mixture, making the solution colourless. Then, 12
uL of the as-prepared gold seed was added, mixed by gentle
shaking for a moment and kept undisturbed. Red-to-pink
coloration appeared slowly within 15-20 min, indicating the
formation of gold nanorods. The as-synthesised nanorods were
found to be stable for a couple of weeks without considerable
aggregation or precipitation.

2.3 Selective aggregation to gold nanorod dimers

The purification of the gold nanorods was carried out by
repeated centrifugation and redispersion of 2.0 mL of an
aqueous dispersion of CTAB-stabilised gold nanorods (0.25
mM) three times, and finally, dispersion in 1.0 mL of ethanol by
sonication. For the formation of parallel dimers, 1.0 mL of 1,8-
diaminooctane (0.1 mM) was diluted with a mixture of 0.4 mL of
ethanol and 0.6 mL of THF and to this solution, 1.0 mL of an
ethanolic dispersion of gold nanorods was added dropwise. The
resultant dispersion was gently shaken for 3 min to avoid the
formation of larger aggregates. A similar procedure was fol-
lowed with the addition of phloroglucinol for the formation of
the perpendicular dimer. The formation of dimers was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reproducible and the aggregates were found to be stable for at
least a couple of days.

3. Results and discussion

To control the selective aggregation of anisotropic nano-
structures in the colloidal dispersion has often been chal-
lenging; however, in this experiment, dimerisation amongst the
CTAB-stabilised gold nanorods has been induced by the addi-
tion of an appropriate amount of 1,8-diaminooctane or phlor-
oglucinol to the organic solvent medium due to the non-trivial
interplay of attractive and repulsive forces governed by the
classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.*
It has been observed that the monomeric gold nanorods show
an average zeta potential of +41.0 mV because of the presence of
a stabilising bilayer of CTAB on the surface, while this decreases
to +7.6 and +3.9 mV upon dimerisation in the parallel and
perpendicular orientations, respectively. When two nanorods
approach each other, the judicious manipulation of the surface
charge distribution through the addition of specific organic
ligands in the dispersion medium renders aggregation of the
monomeric building units selective to the dimers.

The dimers of the gold nanorods have been characterised by
spectral and morphological studies as exhibited in Fig. 1. Panel
a shows the ensemble-averaged absorption spectra of the
monomers and upon aggregation of the nanorods. The mono-
meric gold nanorods exhibit transverse (~557 nm) and longi-
tudinal (~732 nm) plasmon resonances corresponding to the
divergence of electron oscillations along directions perpendic-
ular and parallel to the length axis, respectively. However, upon
the addition of organic ligands, the longitudinal resonance
becomes blue and red shifted with maxima at ca. 714 and
741 nm, respectively, depending upon the orientation of the
nanorods, while the transverse plasmon maximum remains
nearly constant. The changes in the spectral positions can be
attributed to the plasmon coupling between the gold nanorods;
the relative decrease or increase in energy (relative to the
longitudinal mode of a non-interacting rod) is indicative of the
formation of gold nanorod dimers oriented in parallel and
perpendicular directions, respectively. However, the polar-
isation of light along the direction perpendicular to the axis of
the nanorods leads to excitation of the transverse mode and
weak coupling between the nanorods does not impact the
considerable shift of the plasmon resonance. The scattering
spectra (panel b) measured at the single particle level closely
resemble the absorption spectra corresponding to the mono-
meric and aggregated nanorods. The absorption and scattering
spectra were found to be reproducible over a set of measure-
ments. It is well documented that for the monomers, the peaks
are relatively sharp, and the shift of longitudinal bands with the
aspect ratio of the gold nanorods is quite distinctive. The
discrimination between the monomers and dimers is due to the
hybrid peaks in the longer wavelength region arising from the
formation of plasmonic building units upon the addition of
specific organic ligands; naked eye visualisation of the dimer-
isation process shows that the colour changes from reddish
brown to dark or yellowish brown, indicating intrinsic

Nanoscale Adv., 2023, 5, 1943-1955 | 1945
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Fig.1 Optical and structural characteristics (a) absorption and (b) scattering spectra of the monomeric and dimeric gold nanorods; (c) schematic
depiction of the dimer formation from the monomeric building units upon addition of specific organic ligands; (d—f) transmission electron
micrographs and (g—i) dark field microscopic images of the monomers and parallel and perpendicular dimers of gold nanorods.

morphological differences in the nature of the aggregates.
Transmission electron micrographs (panels d-f) show mono-
meric gold nanorods with an average length of 55 + 5 nm and
width of 17 + 2 nm (aspect ratio ~ 3.2) and parallel and
perpendicular dimers, respectively; the organic ligands bridge
adjacent nanorods, manoeuvring them to be dimers. Dark field
micrographs (panels g-i) display the corresponding polar-
isation modes of the individual nanorods and coupling between
two degenerate plasmon modes of the nanorods in dimers.

The electrodynamic interactions between gold nanorods as
a function of the orientation angle were simulated based on
DDA calculations, keeping the interrod distance fixed at ~3 nm.
The incident radiation is considered to be along the x-axis and
the polarisation direction is along the y-axis. The extinction
efficiency and the corresponding polarisation profiles for gold
nanorod dimers at different mutual orientations are displayed
in Fig. 2. It is noted that the extinction profile is highly
dependent on the orientation angle between the optical axes of
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Fig. 2 Extinction and polarisation profiles (a) extinction spectra of gold nanorods dimers at different angular orientations calculated based on
DDA technique; and (b—d) corresponding polarisation profiles at the wavelength maxima of the extinction profiles. The colour coded numerals 1,
2, 3in panel a designate characteristic peaks for transverse, hybridised and longitudinal peaks at different angles of orientations.
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the nanorods (panel a). For these simulations, the position of
one nanorod was assumed to be fixed and the other was varied
with respect to the first. The relative rotation of the angle
between the length axes of the coupled nanorods, 6, was
considered around the z-axis (by varying 6 in the DDSCAT code)
on the xy-plane of the nanostructures and the excitation of the
dimer was carried out at an incident angle, ¢. The angle @ is
considered to be the angle between the two nanorods in a dimer
and ¢ is the angle of rotation of the working plane across the x-
axis. A schematic illustration of the protocol for the angle-
resolved measurements is shown in the inset. The continuous
rotation of the second nanorod in the range of § = 0° to 90° with
periodic variation at an interval of 10° is observed. The distinct
appearance of three peaks as indicated by the numbers 1, 2 and
3 can be attributed to the transverse, hybridised and longitu-
dinal modes, respectively. The longitudinal mode develops due
to orthogonal polarisation of the incident beam, which is not
observed due to the collinearity of the beam with the axis of the
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parallel nanorods. The salient feature of physical significance is
that the spectra show a decrease in intensity for transverse and
longitudinal maxima, whereas the intensity of the hybridised
peaks increases when the polarisation of the electric field is
changed from the parallel to perpendicular orientations of the
gold nanorod dimers. The hybrid peaks arise due to the near-
field interaction between the coupled nanorods. The spectrum
of the rod dimers at 0° follows the trend shown by the dimers at
other angles but the third peak, which is caused by the longi-
tudinal plasmon oscillation, becomes diminished in intensity.
To realise the epicentre of the emergence of the different LSPR
bands, the polarisations corresponding to the characteristic
maxima of the transverse, hybridised and longitudinal peaks
upon periodic variation of the orientation angle of 10° have
been calculated (panels b-d). To obtain the polarisation profile,
the wavelengths of the individual peaks at particular orienta-
tions have been calculated, and then the polarisations for the
individual orientations have been determined corresponding to

ﬁ
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Fig. 3 Electric field distribution patterns of the bonding and antibonding modes (A) comparison of the electric field distribution patterns of the
bonding and antibonding modes of the coupled gold nanorods at different orientation angles; (B) plasmon hybridization model of the coupled

longitudinal plasmon excitation in nanorod dimers; and (C) profiles sho
bonding and antibonding modes of the gold nanorod dimers.
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the three individual peaks of the gold nanorod dimers. It has
been revealed that the gold nanorod dimers display strong
polarisation dependence upon variation of the orientation
angle between the nanorods. Thus, the polarisation profiles
fundamentally represent the nature of the polarisation at the
extinction peaks. At the 0° orientation, the double dumbbell-
shaped polarisation profile can be attributed to the quad-
rupolar polarisation, while at 90°, the dumbbell shaped polar-
isation profile corresponds to a dipolar mode. As the angle
between the nanorods increases from 0° to 90°, the quadrupolar
mode gradually disappears with the concomitant appearance of
the dipolar mode, as has been observed for gold nanorod
dimers in two photon photoluminescence experiments.*
Calculations have shown that after crossing the limit of 90°, the
scattering characteristics repeat, as the boundary conditions are
in the range of 0-90° for the azimuthal angle, and, therefore, to
explore all plausible sets of repeating patterns, we limit the
calculations to this range.

The electric field distribution patterns at all the plausible
geometries have been calculated by solving Maxwell's equations
through the finite element method using an interval of the
orientation angle of 10° assuming a constant interrod distance
(~3 nm), as presented in Fig. 3. To unravel the unprecedented
dependence of the plasmonic properties of the dimers on the
nanorod angle, the calculations were first performed for the
longitudinal plasmon mode of the nanorod monomer to extract
the requisite dimensional and dielectric parameters, because
this plasmon mode was readily observed experimentally. The
observation of an intense modification of the local electric field
in the spatial regions of different geometries (panel a) indicates
that the near-field interaction between the nanorods is highly
angle-dependent.'>'**® In addition, it is noted that the field
intensity is at a maximum at the ‘hot spot’ junction between the
coupled rods.*'® As the orientation angle increases, the inten-
sity at one end progressively decreases while the intensity rea-
ches a maximum at the other end of the coupled dimer. It has
been determined that the gold nanorods exhibit the appearance
of both transverse and longitudinal modes with plasmon reso-
nances arising from the polarisations orthogonal and along the
length axis of the nanostructures. When two nanorods come
into close proximity to one other, the plasmon resonances of the
nanostructures lead to an electromagnetic interaction that can
be treated within the framework of the plasmon hybridisation
model,* in analogy with molecular orbital theory, which
predicts that upon dimerisation, the excited energy levels are
split into lower and higher energy levels relative to the mono-
mer. A plasmon hybridisation diagram has been produced to
denote the energies corresponding to symmetric and antisym-
metric arrangements of the transition dipoles (panel b). For
parallel coupling, the higher coupled plasmon mode is bonding
in nature while for perpendicular coupling, it exhibits anti-
bonding character. The in-plane plasmon modes of the nano-
rod dimers were considered by assuming that the excitation
light is polarised within the substrate plane either along or
perpendicular to the nanorod angle. Based on this perspective,
according to the plasmon hybridisation model,* four hybri-
dised plasmon modes are developed because each nanorod
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monomer possesses transverse and longitudinal plasmon
modes. When the nanorod angle in the dimer is 0 and 90°,
corresponding to the parallel and perpendicular orientations,
respectively, the transverse and longitudinal modes are hybri-
dised separately to exhibit the bonding and antibonding modes.
The Schatz and Mirkin group® have found that there exist many
similarities between the nature of antibonding coupled modes
in dimers/trimers and higher order plasmon resonances of the
distinct nanorods of identical length. However, under the
excitation of light polarised along the length axis of the nano-
rods, the parallel coupling of gold nanorod dimers has been
experimentally found to exhibit a slightly red-shifted coupled
plasmon mode, while perpendicular dimers support a largely
blue-shifted coupled plasmon mode, as has been observed in
the absorption and scattering spectral characteristics. The
observation of a cross-over region at ca. 45° of the nanorod
orientation (panel c¢) shows the existence of bonding and anti-
bonding interactions with equal electric field intensities. This
indicates that at the 45° orientation, the gap between the
bonding and antibonding modes decreases to zero and the two
states can be considered to be degenerate.

Next, we tried to explore the dependence of the orientation
angle on the electric field distribution patterns through the
finite element method. The field distribution patterns corre-
sponding to the transverse, hybridised and longitudinal
maxima of the extinction profiles and the respective polar-
isation patterns obtained through DDA calculations are dis-
played in Fig. 4. It has been revealed that the electric field
distribution patterns (panels A-C) are strongly dependent on
the relative orientations of the coupled gold nanorods. The
polarisation patterns (panel D) correspond to the transverse,
hybridised and longitudinal maxima of the gold nanorod
dimers at different angles of orientation. The intermediate peak
arises due to plasmon hybridisation between the nanorods.
Both polarisation profiles, at the intermediate and longitudinal
maxima, at 0°, exhibit quadrupolar nature. As the angle
between the nanorods increases, the polarisation profile
changes, which can be ascribed to the disturbance of the
symmetry of the organisation of the nanorods. The extent of
change is greater in the case of the longitudinal than the
intermediate or hybridised polarisation. This is due to the fact
that as the angular displacement increases, the radial distance
between the far ends of the rods is more than that between the
near ends.

The rod-like nanostructures can be considered as prolate
ellipsoidal particles with semi-major (@) and semi-minor (b)
axes and the plasmonic characteristics can be treated within the
framework of Gans' model at the limit of the quasistatic
approximation. However, the dimerisation between two adja-
cent nanorods can be depicted as due to the electrostatic
interaction between the two point dipoles centred at the
nanorods. The time-averaged dielectrophoretic force, Fpgp,
experienced by a prolate ellipsoidal particle through the a-axis
(where o = L,T designates longitudinal and transverse direc-
tions, respectively) oriented parallel to the direction of the
electric field can be expressed as:*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electric field distribution patterns corresponding to polarisation maxima (panels A—C) electric field distribution patterns corresponding to
transverse, hybridised and longitudinal maxima; and (panel D) corresponding polarisation patterns for the respective wavelength maxima of the
coupled nanorods in the extinction profiles obtained from DDA calculations.

FDEF =

where ¢, is the dielectric constant of the dispersion medium of
the nanorods, K, the Clausius-Mossotti factor and E the

2mab?

3 emRe(K,)V(E?) (1)

induced electric field. For a homogeneous nanorod, the electric
polarisabilities (K,) corresponding to the longitudinal and
transverse plasmon modes based on the balance between the
dielectrophoretic force and viscous torques can be written

according to the Clausius-Mossotti equation as:**
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8* 8*
K m
o — L

(8; - e:n) P, +ep,

where the corrected dielectric functions are expressed as
complex quantities, s;m = &m+ 0Opm/iw in which ¢, and
op,m represent the dielectric constants and conductivities of the
particle and the dispersion medium, respectively, o the
frequency of the applied electric field and P, the depolarisation
factor of the nanorods. The depolarisation factors pertaining to
the longitudinal and transverse plasmon modes of a prolate

ellipsoid, P;, and Pr, respectively, can be described by the

(2)

relations:
1-¢ 1+e
and
1- P
Pr= ——— 4
r— — (@)

2
where e is the eccentricity ( =4/1— <§> > of the nanorods.

From the transmission electron micrographs, the monomeric
nanorod with a = 55 and b = 17 nm possesses the values of e =
0.94, P, = 0.11 and P = 0.95. When an external electric field is
applied, the electric dipole moment, p; of an individual i
nanorod can be represented as:**

(5)

where E, is the incident electric field and (§; the electric
polarisabilities (where i = B, A assigns values corresponding
to the bonding and antibonding plasmon modes, respec-
tively). Therefore, when two nanorods are coupled to form

Di = €0&mBiEy
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a dimer, the total induced electric field on the nanorod i, E;
can be described as the sum of the incident electric field, E,
and the field induced through the electric dipole of the
second nanorod, j as:

3(peii)ei — pj

Ei=E+ v drregenmd?

WAl (6)
where d is the center-to-center distance between the two nano-
rods, p; the electric dipole moment of the second nanorod, e;;
the unit vector emanating from the center of the nanorod j to
the center of the nanorod i and v a coefficient that can account
for additional factors, such as the finite-size effect, multipolar
contribution, charge redistribution and the substrate effect
whenever applicable. As a consequence of the angular
displacement between the nanorods, an optical torque ((t)) is
generated at each orientation that can be calculated by the
model proposed by the Poelsema group.® It has been observed
that the optical torque between the nanorod dimers is depen-
dent on the aspect ratio and the orientation angle as proposed
by the equation:
2mab?

W=7 0)

where 0 is the angular distortion between the coupled nano-
rods. Fig. 5 shows the trend of the variation of the optical torque
and the square of localised field strength as a function of the
angular orientation. From the nature of the profiles, it can be
seen that the functional behaviour is quite non-linear and
asymmetric in the regime of the orientation angle under
consideration. Surprisingly, it is observed that the optical tor-
que is at a maximum at ca. 22.5° orientation (panel a). On the
other hand, the squared field strength reaches a maximum at
the parallel configuration, while at the perpendicular orienta-
tion it reaches a minimum (panel b). It is noted that at an

em(PT — PL)RC[KLKT]EZ sin 26

w

~

o

200 % e
100 <0
o oxe

et

Fig. 5 Optomechanical characteristics (a) optical torque; and (b) electric field strength as a function of orientation angle of the gold nanorods;
and (c) corresponding surface plot with the crest points twisted in xy-plane.
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angular orientation of ca. 45°, the longitudinal and transverse
electric fields show a unique cross-over point due to the
equivalent orientation of the dipole polarisation vectors. The
apparent dichotomy in their functional behaviour is reflected
through the non-linear nature of the surface plot, where the
crest points become twisted in the xy-plane (panel c). These
results show that the maximum torque has been obtained for
a distortion at an angular orientation of ca. 22.5° of the
swinging nanorod around the length axis of the basal nanorod.

From the previous studies, it becomes evident that the
optical properties of gold nanorods can be significantly altered
upon dimerisation governed by optical torque®® and hence, it
can be presumed that the mutual orientation of the gold
nanorods in dimeric geometries can be utilised to store elec-
trical energy in the form of capacitors. A capacitor can be
considered as a device that stores electrical energy in the form
of electric charge between two conductive parallel plates under
the influence of an applied electric field. Therefore, capacitors
are often referred to as electrical condensers to hold a voltage or
potential difference in charge at equilibrium. Moreover, the
high electrical conductivity and excellent faradaic effect of
metallic gold warrants its application in electrical double layer
capacitors. Therefore, the optomechanic characteristics of gold
nanorod dimers can be investigated to exploit their plausible
application in capacitors. The calculation of the capacitance of
the gold nanorod dimers as a function of the orientation angle
(keeping the position of one nanorod fixed, and with the
dielectric constant of the medium assumed to be that of air) has
been presented in Fig. 6. To model the capacitance, it can be
assumed that the metallic gold at the nanoscale behaves as
a perfect conductor so that the finite conductivity and skin-
depth effect can be neglected.®” Panel a displays a schematic
illustration of the arbitrary formation of a capacitor composed
of a pair of nanorods. Let us consider a metallic nanorod with
hemispherical end caps with a slit of length a, width b, closest
end-to-end distance between two nanorods d, and displacement
from the fixed end of the rotating nanorod x. The angular
dependence of classical (geometric) capacitance (Cg) upon

a . \ _
\ y
. 50 |Ixtan0

|- 3 d

View Article Online
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variation of an angular parameter, # can be calculated by the
equation:

* I eeobdx er&0b
Ce=| dCc= = In(1
¢ L) ¢ ‘Ld+xum0 mn0P% +

which can be simplified into the form:

g tan 6’)], (8)

ere0A

Co=— 9)

where ¢, is the dielectric constant of metallic gold and A the
cross-sectional area of each nanorod. Details of the calculation
are shown in the ESI.{ Between two electric point dipoles, at the
semi-classical limit, where the nanocapacitor is composed of
thousands of atoms, the quantum mechanical component, Cq
that arises because of the manifestation of the density of states
of the metallic nanorods should also be taken into consider-
ation.®® Biittiker and co-workers” formulated a mathematical
description for the quantum capacitance (Cqy) at very low
frequencies:

CQ _ \/EEOA
YTF

(10)

The Thomas-Fermi screening length term, yrr accounts for
the penetration of the metallic nanorod surface by the incident
electric field. The total capacitance (C) of the nanocapacitor due
to the combination of both classical and quantum capacitance
can be estimated as:

1 1 1\
C=[—+—+—
(Col Cec CQZ)

When the metallic nanorods are composed of same material
and geometrically identical, the density of states at the Fermi
level of either nanorod, D(ug) = dn/du, = dn/du,, where u; and
u, are the electrochemical potentials, and under such
conditions:

(11)

e0A\/€
Co = Cou = Cp = Ve (12)
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Fig. 6 Angle-resolved design of the capacitor (a) schematic illustration of the arbitrary formation of a capacitor with angular orientation of
nanorod dimers; and (b) the exponential decay fit of the calculated values of the capacitance at different angular orientations of the gold nanorod
dimers. The inset in panel b shows a schematic presentation of the gold nanorod dimer at different mutual orientations.
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Fig. 7 Capacitive coupling (a, b) schematic diagram showing the capacitive coupling between the adjacent gold nanorods in dimers corre-
sponding to parallel and perpendicular configurations, respectively; and (c, d) schematic depiction of the electric lines of force in dielectric
medium surrounding the capacitor corresponding to parallel and perpendicular configurations, respectively.

1/2
& .
where yp = (2—0) , e being the elementary charge of an
€*D(uy)
electron. Therefore, when two metal plates are of the same size
and sufficiently large enough, the total capacitance can be

simplified to the form:
12\
C= |+
(Cc " CQ)

Incorporating the values of both classical and quantum
capacitances, the total capacitance can be reduced to the form:

(13)

1 YTF
E e

C=—0~0C = 14

The calculated values of the capacitance show an exponen-
tial decrease (panel b) upon angular variation from the parallel
to perpendicular orientation, obeying the exponential depen-
dence as predicted by the universal plasmonic ruler equa-
tion.*>”* Interestingly, the capacitance is at a maximum for the
parallel and a minimum for the perpendicular orientations,

1952 | Nanoscale Adv,, 2023, 5, 1943-1955

while the fractional values of the capacitance are a measure of
the degree of coupling between the nanorods. From the finite
element method calculations, it has been seen that the electric
field strength decreases as the angle between the nanorods
increases. Therefore, it can be conceived that the increase in the
angle causes the electric flux within the capacitor to decrease, as
a result of which the capacitance decreases.

To verify the computational prediction, experiments have
been performed with dimeric structures composed of discrete
gold nanorods characterised by a net current as illustrated in
Fig. 7. We have used an equivalent circuit shunted with
a resistor and an inductor, which mimics the behaviour of
conductive paths through the gap in series.”>”® Simplified
pictures (panel a) show two conducting nanorods of equal
dimensions connected to the power supply and the dielectric
acts as the separator between the nanorods. Cy is the capaci-
tance in series, C,, that of the dielectric, R, the gate resistance, L
the low power Schottky p-n junctions and L, the gap induc-
tance. Since there can be significant fringing fields around the
capacitor plates (two nanorods), the size of the air volume
truncates the modelling space. The electric fields at two

© 2023 The Author(s). Published by the Royal Society of Chemistry
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different orientation angles (panel b) are relatively uniform
between the plates, but strong variation is seen at the edges of
the plates. The fringing fields are observed to extend a small
distance away from the capacitor; a slice plot of the electric
potential shows that there is an equipotential surface exactly
midway between the capacitor plates.” The capacitances of the
devices are evaluated to be approximately 69 and 0 attofarads,
respectively. The coupled bonding gold nanorod dimer
(perpendicular) plasmon mode becomes blue shifted due to the
screening of the local field in the gap. In this conductivity
region, the screening field reduces the voltage between the two
elements. The experimental observation is in good agreement
with the computational predictions; however, the observed
difference between the calculated and measured values can be
attributed to the higher conductivities through a charge transfer
mode in the parallel configuration. Thus, nanostructure
dimerisation mimics parallel plate capacitance in conventional
electrostatics and, therefore, can be considered for use in the
basic elements in optical nanocircuits.

4. Conclusions

In conclusion, we have determined the correspondence
between plasmonics and electronics through the mechanics of
gold nanorod dimers from both theoretical and experimental
perspectives. It has been observed that for a particular inter-
particle distance, the orientation angle plays a deterministic
role in governing the electrodynamic interactions between these
anisotropic nanostructures. Spectral measurements and DDA
calculations show that when metal nanorods are placed adja-
cent to each other, their localised surface plasmons are coupled
together in accordance with the predictions of the plasmon
hybridisation model and the appearance of a hybridised peak
indicating the coupling of the adjacent nanorods at the hotspot
junction. Finite element modelling shows that the field distri-
bution changes with the orientational angle between the
nanorods, the electromagnetic field being perpendicular to the
plane of rotation. The confinement of the electric field in
a small space can be exploited in surface enhanced spectros-
copies that offer great potential for the use of light at the
nanoscale. The concept of a homodimer can be extended to gold
nanorod dimers with asymmetric monomeric lengths, varying
interparticle distances and all plausible mutual orientations
towards the generalisation of these observables. The fine tuning
of the capacitance as a measure of the degree of coupling
between the nanorods follows an exponential dependence
similar to the universal plasmon ruler equation. The max-
imisation of the capacitance at an orientation of the gold
nanorod dimers of 0° mimics the parallel plate capacitor model
of conventional electrostatics. The main significance of these
materials is that the interplay between the plasmonic charac-
teristics and electrical capacitance of the coupled gold nano-
rods can lead to the formation of miniaturised nanocapacitors
and, therefore, have the potential to form the basis for the
design of all-optical neuromodulators, switches, integrated
photonic circuits and microelectronic devices.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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