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Surface-enhanced infrared absorption (SEIRA) can dramatically enhance
the vibrational signals of analyte molecules owing to the interaction
between plasmons and molecular vibrations. It has huge potential
for applications in various detection and diagnostic fields. High-
aspect-ratio rod-like metal nanostructures have been the most
widely studied nanomaterials for SEIRA. However, nearly all of the
rod-like nanostructures reported previously are fabricated using
physical methods. They suffer from damping and low areal number
densities. In this work, high-aspect-ratio Au nanorods are synthe-
sized, and Au nanonails are prepared through Au overgrowth on the
as-prepared Au nanorods. The aspect ratios of the Au nanorods and
nanonails can be varied in the range of ~10 to ~60, and their
longitudinal dipolar plasmon resonance wavelengths can be corre-
spondingly tailored from ~1.6 to ~ 8.3 um. The Au nanonails exhibit
superior SEIRA performance with 4-aminothiophenol used as the
probe molecules. They are further used to detect the common
biomolecule L-cysteine. Numerical simulations are further performed
to understand the experimental results. They match well with the
experimental observations, revealing the mechanism of the SEIRA
enhancement. Our study demonstrates that colloidal high-aspect-ratio
Au nanonails and nanorods can function as SEIRA nanoantennas for
highly sensitive molecular detection in various situations.

Introduction

Infrared (IR) spectroscopy is one of the most powerful techniques
for analyzing the composition, structure and configuration of
molecules. Samples in almost arbitrary states can be examined
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New concepts

A new concept has been developed for the growth of colloidal Au nanonails for
surface-enhanced infrared absorption (SEIRA) applications. The Au nanonails
have two sharp tips at the ends. Their longitudinal dipolar plasmon wavelength
is controlled to be located in the mid-infrared region and can be synthetically
varied. The underlying growth mechanism is based on that reported widely for
Au nanobipyramids, whose growth relies on the structural direction enabled by
penta-twinned Au nanopatrticle seeds. Similarly, the growth of the Au nanonails
employs Au nanorods with five equally angularly separated twinning planes.
The Au nanonails exhibiting remarkable electric field enhancement at the ends
are chemically stable, uniform in length and diameter, highly flexible for
dispersion in liquids and deposition on substrates, and potentially scalable
in production. They offer an attractive platform for pushing forward the
advancement of SEIRA, which is as important as surface-enhanced Raman
scattering (SERS) in molecular detection, but has dramatically lagged behind
SERS in development because of the lack of suitable plasmonic nanostructures
for SEIRA.

by IR spectroscopy, such as liquids, solutions, pastes, powders,
films, gases and surfaces." IR spectroscopy is therefore widely
used in health, pharmaceutical, food and forensic sciences for
the analysis and identification of molecular substances."” How-
ever, because of the ultrasmall molecular cross-section for IR
absorption (1072° cm® per molecule), there are still challenging
difficulties in the detection of IR absorption signals for minute
amounts of molecules. Localized surface plasmon resonances
(LSPRs), the collective oscillations of free charge carriers in metal
or highly-doped semiconductor nanomaterials in resonance with
an incident light, can provide large optical cross-sections as well
as strong local field enhancements.’>” Based on the interaction
between plasmon resonances and molecular vibrations, LSPRs have
made tremendous contributions in surface-enhanced spectroscopy,
such as surface-enhanced Raman scattering (SERS) and surface-
enhanced infrared absorption (SEIRA). SERS is a maturely developed
and commonly used sensing technique and its applications cover a
broad range of fields,”® including environmental monitoring,’ food
analysis,"® chemical threat detection,"* biomedical diagnosis,"?
and antique identification."® In SEIRA, the vibrational signals of
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molecules can be greatly enhanced by 10°-10° folds, and the
detection limits of analyte molecules can be as low as the attomole
or even zeptomole level correspondingly.’*™® Combining the selec-
tivity of IR spectroscopy and the strong local field enhancement of
LSPRs, SEIRA has shown huge potential for applications in various
fields, such as hyperspectral infrared chemical imaging,"*>° bio-
molecular detection,>** environmental pollutant monitoring,>"*
and on-chip gas sensing.>>*®

SEIRA has been demonstrated with a variety of nanomaterials
so far, including noble and transition metals (Ag, Au, Pt, Pd, Rh,
Cu, Fe, Al, Pb),”” highly-doped semiconductors (P-doped Si,*®
Si-doped InAs,*® Sn-doped indium oxide®’), and graphene.?"
Although doped semiconductors hold the advantages of low
loss and the ability to withstand high temperatures, these
materials underperform relative to noble metals in local electric
field enhancement and surface plasmon propagation loss
reduction.®” In terms of shape, nanostructures with various
shapes have been employed for SEIRA, such as high-aspect-
ratio nanorods and nanowires,**"*® nanocrosses,***° cruciform
nanoapertures,*** split-ring**** and fan-shaped nanostructures,*®
and log-periodic trapezoidal’® and dendritic nanomaterials.*”
Among them, high-aspect-ratio rod-like nanostructures are
probably the most widely used nanomaterials over the last
decade for SEIRA. The longitudinal dipolar LSPR peak of rod-
like metal nanostructures can be tailored from the visible to IR
region by simply adjusting their aspect ratio.*® Such linear
nanostructures feature pronounced local electric field enhance-
ment and enhanced IR vibrational signals at the tips or in the
gap regions.>*® Metal nanostructures fabricated by physical
methods possess well-designed dimensions, shapes and geometrical
arrangements, while they usually suffer from large damping
and inferior plasmonic properties due to their polycrystalline
nature and the use of an adhesive layer.*® In addition, the SEIRA
measurements on the nanoantennas fabricated by physical methods
are usually carried on individual or only a small number of
nanoparticles, which usually results in low signal-to-noise
ratios and hampers the detection of analyte molecules. Litho-
graphically fabricated nanostructures are therefore highly pre-
ferred for constructing optical metasurfaces. On the other
hand, wet-chemistry methods provide a cheap and facile alter-
native for producing rod-like nanocrystals. Colloidal nano-
crystals synthesized by wet-chemistry methods possess several
promising features. They can be facilely prepared at large scale as
well as low cost and show prominent plasmonic performances
owing to their single-crystalline nature.”® In addition, colloidal
metal nanocrystals can be deposited on arbitrary substrates without
the use of an adhesive layer. They can be transferred into solutions
and liquids easily, and show great potential in biological and
medical sciences.® However, the advancement of rod-like metal
nanostructures has been slow until very recently,”* as it is hindered
by the difficulties in synthesizing highly elongated nanocrystals
with well-controlled dimensions, shapes and chemical composi-
tions. Experimental realization of such elongated nanocrystals with
well-defined and uniform shapes is still strongly desired.

Silver nanorods were the first demonstration of chemically
synthesized metal nanocrystals with a tailorable longitudinal
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dipolar plasmon resonance in the near-infrared (NIR) and
mid-infrared (MIR) regions in our previous work, where their
application for SEIRA after coating with silica has also been
demonstrated.>®> Compared to Ag nanorods, Au nanocrystals
used as SEIRA nanoantennas possess several advantages. Silver
is well-known to be chemically unstable under many environ-
mental conditions and is oxidized easily.>® Gold nanoparticles
are much more stable than Ag ones, so their surfactant mole-
cules can be removed completely through harsh treatment. The
elimination of surfactant molecules facilitates the attachment
of probe molecules, and the silica coating of nanostructures is
unnecessary. Gold nanomaterials are more bio-friendly and can
be transferred into tissues without harming cells.>* Moreover,
Au nanorods with thin diameters and sharp tips are expected to
exhibit large electric field enhancement and therefore are
beneficial for SEIRA applications. Furthermore, a previous
report shows that porous Au nanowires with a rough surface
produce better SEIRA performance than smooth ones.*® We
therefore believe that the introduction of surface protrusions
on Au nanocrystals can produce more surface sites with large
electric field enhancement. In terms of the metal, the dielectric
function of Au follows a nearly perfect Drude-type behaviour in
the IR region. Although Ag exhibits a lower intrinsic damping
than Au, the difference is very small in the IR region.>® As a
result, Au nanocrystals are therefore much more attractive for
acting as SEIRA nanoantennas than Ag nanorods owing to their
stability, biocompatibility and stronger local field enhancement.

Herein we report on the synthesis of high-aspect-ratio Au
nanorods and Au nanonails, with the latter possessing sharp
tips. High-aspect-ratio penta-twinned Au nanorods are synthe-
sized and purified through a three-step seed-mediated growth
method, which is modified from previous works.’®>” The
lengths and diameters of the Au nanorods can be controlled
by adjusting the seed concentration and the pH of the growth
solution. High-aspect-ratio Au nanonails are further prepared
through the overgrowth of Au on the as-prepared Au nanorods.
The underlying mechanism of the sharpening of the Au nano-
rods is similar to that of the growth of Au nanobipyramids from
penta-twinned seeds. The penta-twinned Au nanorods act as
the seeds for Au overgrowth to produce the Au nanonails with
two sharp tips. The diameters and lengths of the Au nanonails
can be adjusted by choosing differently sized Au nanorods as
the seeds. The aspect ratios of the Au nanorods and nanonails can
be varied in the range of ~10 to ~60, and their longitudinal
dipolar plasmon resonance wavelengths can be correspondingly
tailored from ~1.6 to ~ 8.3 pm. By employing 4-aminothiophenol
(ATP) as the probe molecule, the SEIRA performances of both Au
nanorods and nanonails are investigated. The Au nanonails
exhibit larger SEIRA enhancement owing to their sharp tips.
The Au nanonails are further used to detect the commonly seen
biomolecule r-cysteine, which marks a step forward towards the
biological applications of colloidal metal nanocrystals as SEIRA
nanoantennas. Finite-difference time-domain (FDTD) simulations
are further performed to calculate the near-field enhancements of
the Au nanocrystals and the coupling of the probe molecules with
the plasmonic nanoantennas. The simulation results match well
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with the experimental observations, revealing the mechanism of
the SEIRA enhancement. To our knowledge, the demonstration of
colloidal Au nanocrystals synthesized by wet-chemistry methods
as SEIRA nanoantennas has never been reported before. These
colloidal Au nanocrystals are ideal candidates for SEIRA, because
they are IR-responsive at both ensemble and single-particle levels,
facilitating ultrasensitive molecular detection by SEIRA.

Results and discussion
High-aspect-ratio gold nanorods

The high-aspectratio Au nanorods were synthesized and purified
through a three-step seed-mediated growth method.>**” The directly
grown products are a mixture of three types of Au nanoparticles,
including spherical nanoparticles (~50 nm), multi-faceted nano-
plates (~100-150 nm), and high-aspect-ratio nanorods. All of the
nanoparticles in the solutions are stabilized by a bilayer of cetyltri-
methylammonium bromide (CTAB) molecules. To separate the
high-aspect-ratio Au nanorods from the other nanoparticles,
the mixture solution was first left undisturbed overnight.
The spherical nanoparticles have much higher dispersibility due
to their smaller depletion force and remain in the supernatant
indefinitely, while the Au nanorods and nanoplates slowly precipi-
tate (Fig. S1 and S2, ESIT). The supernatant containing nearly pure
nanospheres was removed, and the precipitate was redispersed in
CTAB solution. Upon the oxidation of Au(m), the Au nanoplates
were transformed into smooth and circular nanodisks and became
dispersible in the solution. The Au nanorods, however, exhibited
selective oxidation, which occurred only at their two ends, where
the surface density of the capping surfactant molecules is lower due
to the curvature effect.®®*® The Au nanorods hence only changed
slightly in length and were still heavy enough to undergo gravita-
tional sedimentation after being left undisturbed overnight. After
several cycles of the oxidation treatment, the content of impurities
became less than 1%.

A previous study has shown that the pH value of the growth
solution can affect the equilibrium of the redox reaction,
causing a drastic difference in the size of the final Au nanorod
sample.®’ The length and diameter of the Au nanorods can
therefore be controlled by adjusting the seed concentration and
the pH of the growth solution. The scanning electron microscopy
(SEM) images of the Au nanorod samples prepared under
different conditions are shown in Fig. 1. The detailed growth
conditions are summarized in Table S1 (ESIt). The pH values
of the growth solutions are 6.83 (sample 1), 5.55 (sample 2),
4.52 (samples 3 and 4), and 2.06 (samples 5-9), respectively. The
yields of the Au nanorods in these purified samples can be as
high as nearly 100%. Their lengths can be widely varied from
~200 nm to ~1400 nm. Lowering the seed concentration leads
to the production of longer and thicker Au nanorods, because
each nanoparticle has more Au atoms available for growth
(samples 3, 4 and 5-9). On the other hand, when the seed
concentration is fixed, lowering the growth rate by reducing
the pH value of the growth solution leads to the production
of longer and thinner Au nanorods,®” as explained as follows.
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The as-prepared Au nanorods possess a penta-twinned crystal
structure, and are encapsulated by five {100} side facets and
ten {111} end facets.>”®* The growth rate along the {111} facets
is larger than along the {100} facets owing to the selective
adsorption of Br~ ions on the {100} facets.®” When the seed
concentration is fixed (samples 1-3), lowering the pH value of
the growth solution is unfavourable for the reduction of AuBr,
to Au atoms with ascorbic acid. The Au nanorods will therefore
grow much more slowly. As a result, reducing the pH value of
the growth solution produces longer and thinner Au nanorods.
Control of these two growth conditions allows for the produc-
tion of Au nanorods with different lengths and diameters. The
standard deviations relative to the average lengths and dia-
meters of the samples are both in the range from ~6% to
~10%, as revealed by their length and diameter distributions,
respectively (Fig. S3 and S4, ESIt).

The longitudinal dipolar plasmon resonance peaks of the Au
nanorods with such high aspect ratios are located in the IR
region. The IR transmittance spectra of the Au nanorod sam-
ples were measured on a Fourier-transform infrared (FTIR)
spectrometer. The FTIR measurements are within the region
from 6000 cm ™" to 1200 cm™'. MgF, substrate was chosen for
the FTIR measurements because it is optically transparent in
this spectral region, and its refractive index is relatively low
(~1.38). The effect of the substrate on the plasmon resonance
of the samples can be ignored due to the relatively low
refractive index. As shown in Fig. 2a, as the average lengths
of the Au nanorod samples are increased from 229 nm to
1388 nm, the longitudinal dipolar plasmon resonance peaks
redshift from ~6000 cm™" to ~1200 cm™'. The extinction
spectra were further obtained by converting the transmittance
spectra according to the relationship E = —log(7T), where E and T
stand for the extinction and transmittance values, respectively.
The longitudinal dipolar plasmon wavelengths of the Au
nanorod samples vary from ~1.6 pm to ~8.3 um (Fig. 2b),
covering a part of the ‘“chemical fingerprints” of molecular
vibrations in the range'* of ~1500-500 cm ™. The dependence
of the wavelength and wavenumber of the peak position on the
aspect ratio are also plotted (Fig. 2¢). The relationship between
the longitudinal dipolar plasmon resonance wavelength and
the aspect ratio of high-aspect-ratio metal nanostructures is
nonlinear, as reported in previous works.®*®> The aspect ratio
can be synthetically changed from ~12 to ~57.

High-aspect-ratio gold nanonails

The high-aspect-ratio Au nanonails were further grown from
the as-prepared Au nanorods. Au(m) was reduced by ascorbic
acid in aqueous solutions, and the Au nanorods were added
into the growth solution for overgrowth. The idea of the
preparation of the Au nanonails from the Au nanorods was
inspired by the growth mechanism of Au nanobipyramids from
penta-twinned seeds. The seed-mediated growth of Au nano-
crystals has been well-known to be strongly dependent on the
initial structure of the Au seeds. Previous studies have demon-
strated that the single-crystalline Au seeds, which are usually
stabilized by CTAB, grow into single-crystalline nanorods in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 SEM images of the purified Au nanorod samples with different dimensions. The average length and diameter of each sample are indicated above

the corresponding SEM image.

presence of Ag(1).°> In the same growth solution, however, the
multiply twinned seeds stabilized by citrate grow into penta-
twinned Au nanobipyramids.®> The as-prepared Au nanorods
possess a penta-twinned crystal structure and are encapsulated
by five {100} side facets and ten {111} end facets.””** The
overgrowth of the penta-twinned Au nanorods can follow two
possible routes, along the (110) direction that is parallel to the
longitudinal axis of the nanorod and along the (112) direction
that is across the side facets (transverse axis) of the nanorod.®?
The overgrowth along the (110) and (112) directions produces
sharp tips and wavelike rough surfaces, respectively. The con-
centrations of AgNO; and CTAB in the growth solution play an
important role in the final morphology of the Au nanonails.
The Au nanonail samples with different aspect ratios prepared
in this way are shown in Fig. 3. The average lengths and
diameters of the Au nanonail samples are slightly larger than
those of the original corresponding Au nanorod samples,
respectively. In addition, the resultant Au nanonails possess an
increased roughness on the side facets along the entire length and
two sharpened needlelike tips at the ends. The dimensions and
aspect ratios of the Au nanonails and nanorods are summarized in
Table S2 (ESIt). The increased roughness with wavy features can be

This journal is © The Royal Society of Chemistry 2020

clearly observed using the transmission electron microscope (TEM)
images (Fig. S5, ESIT). The Au nanonails were also characterized by
using high-resolution transmission electron microscopy (HRTEM) at
the tip and side facet regions (Fig. S6, ESIT). The observed spacing
between the fringes at the two regions is 0.224 nm and 0.220 nm,
corresponding to the spacing of the Au(111) and Au(200) lattice
planes, respectively, which is consistent with previous reports.*® The
detailed length and diameter distributions of the Au nanonail
samples are provided in Fig. S7 and S8 (ESIt). The Au nanonails
exhibit narrow distributions in both length and diameter. The IR
transmittance spectra of the Au nanonail samples were acquired in
the same way as the Au nanorod ones. The plasmon resonance
wavelength of the Au nanonails can be tailored from ~ 6000 cm ™ to
1500 cm ' as their average aspect ratio is increased, providing
another type of high-aspectratio Au nanocrystal with tunable plas-
mon resonance in the NIR and MIR regions (Fig. S9, ESIT). Their
extinction spectra are also plotted for comparison.

SEIRA performance of the Au nanonails and nanorods

Thiol molecules are commonly used as probe molecules in
SEIRA studies, because they can adsorb on the surface of Au
nanostructures easily through the formation of Au-S bonds to

Nanoscale Horiz., 2020, 5,1200-1212 | 1203
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Fig. 2 Transmittance and extinction spectra of the Au nanorod samples. (a) Transmittance spectra. (b) Extinction spectra converted from the
corresponding transmittance spectra. The average length of each sample is indicated in the plot of its transmittance and extinction spectra.
(c) Variations of the wavelength and wavenumber of the peak position as functions of the aspect ratio.

form a self-assembled monolayer. For example, long-chain octa-
decanethiol molecules with their dominant —-CH,- stretching
mode near 2900 cm ™' have been mostly investigated.****** In
our studies, ATP molecules were used as the probe molecules.
They are one type of the most commonly studied probe mole-
cules in SERS.®”® The surface modification of the Au nano-
crystals was carried out by dispersing the centrifuged Au
nanorod and nanonail samples in the solution of ATP molecules
to replace the adsorbed CTAB molecules. The Au nanocrystal
solution was then centrifuged and concentrated before being
dropped on a MgF, substrate. After being dried under vacuum,
the substrate was further washed by immersion in ethanol
and then blown dry with N, before the FTIR measurements
were performed. The supported Au nanocrystals were stable
throughout these treatments. Silica coating is not necessary, which

1204 | Nanoscale Horiz., 2020, 5,1200-1212

is an advantage in comparison with the high-aspect-ratio Ag
nanorods reported previously by us.>> As shown in Fig. S10 (ESIY),
ATP molecules possess four vibrational modes, including the C-N
stretching mode (1282 em™"), C-C stretching mode (1422, 1491,
1591 cm™ '), N-H bending mode (1618 cm "), and N-H stretching
mode (3349 cm 1).”° We focused mainly on the C-C stretching
and N-H bending modes, which are dominant among all of the
vibrational modes. The IR transmittance spectra measured from
the ATP-decorated Au nanonails with different dimensions are
shown in Fig. 4a. In comparison with the bare nanonails, the IR
spectra of the ATP-decorated Au nanonails broaden and redshift,
which can be ascribed to the higher refractive index of the probe
molecules (~1.66) surrounding the nanoantennas. The SEIRA
performances of these nanoantennas were carefully investigated
by varying the longitudinal dipolar plasmon resonance peak across

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images of the Au nanonail samples with different dimensions. The average length and diameter of each sample are indicated above the

corresponding SEM image.

the C-C stretching (~1600 cm ') region. The lineshape of the
enhanced vibrational signals varies with the position of the
plasmon resonance peak relative to that of the molecular vibrations.
When the plasmon peak is far away from the molecular vibrations,
the vibrational signals possess a weak and asymmetric lineshape.
When the plasmon resonance frequency is higher than those of the
molecular vibrations, the shape of the vibrational signals experiences
falling and rising as the frequency is increased (Fig. 4a, the 2nd to
6th row). The shape of the vibrational signals undergoes a distinct
change when the plasmon peak moves closer to those of the
molecular vibrations (Fig. 4a, the 7th to 9th row). In particular,
when the plasmon frequency is adjusted to match those of the
molecular vibrations, the vibrational signals appear as anti-
absorption peaks (transmission peak) in the final IR spectrum
(Fig. 4a, the lowest row). In the resonant case, the vibrational signals
are not observed as a direct increase in absorption, but instead as a
modulation on the plasmon resonance. This can be understood
using the model of the Fano formalism, where the enhance-
ment of vibrational signals results from the constructive and
destructive interferences between the broadband plasmon
resonances of nanoantennas and the narrowband vibrations of

This journal is © The Royal Society of Chemistry 2020

probe molecules.>*”* For the ATP-decorated Au nanorods, the line-
shape of the molecular vibrational signals varies from asymmetric
dips to anti-absorption peaks with the change of the relative
positions between the plasmon resonance and the molecular
vibrations (Fig. 4b), which is similar to the case of the Au nanonails.

We focus below on the resonant cases where the plasmon
resonance is tailored to spectrally match the molecular vibra-
tions. In the resonant cases, the average lengths/diameters of
the Au nanonails and nanorods are 1424 + 104 nm/33 + 2 nm,
and 1004 + 83 nm/18 £ 1 nm, respectively. Because only the
extinction intensity is proportional to the number density of the
nanoantennas, the transmittance spectra were converted into
extinction ones. To reduce the experimental errors, the IR
spectra of the Au nanonail and nanorod samples were each
measured three times by drop-casting the ATP-adsorbed nano-
nail and nanorod samples on three MgF, substrates (Fig. 5). For
better comparison, the ratio of the enhanced anti-absorption
signal of the probe molecules (A#) to the extinction intensity of
the nanoantennas (AH) was used to characterize the SEIRA
performance quantitatively (Fig. S11, ESIt). The average value
of the ratio (Ah/AH) is 0.180 + 0.013 for the Au nanonails,

Nanoscale Horiz., 2020, 5,1200-1212 | 1205
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Fig. 4 IR spectra of the Au nanoantennas decorated with ATP molecules. (a) IR transmittance spectra of the ATP molecules (top) and the nine ATP-
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the right column for both of the nanonail and nanorod cases are zoomed-in portions around the vibrational signals (multiplied by 6 times). The average
lengths of the original Au nanoantennas are indicated in the IR transmittance spectra.

which is larger by 54% than that of the Au nanorods (0.117 £+
0.008). The Au nanonails therefore exhibit stronger vibrational
signals and superior SEIRA enhancement. The primary reason
lies in the fact that the Au nanonails possess two sharp tips with
much larger electric field enhancement, which will be further
ascertained by FDTD simulations below. In addition, the nano-
scale topographic features in the form of periodic ridges along
the penta-facets of the Au nanonails also form extra hot-spot
sites for local electric field enhancement, as demonstrated by a
previous work.®® On the other hand, the needle-like sharp tips of
the Au nanonails can facilitate them to penetrate into cells,
which offers potential for SEIRA in biological applications.”>”*

A commonly used parameter for evaluating the SEIRA per-
formance is the enhancement factor (EF), which relates the
enhanced vibrational signal strength to that measured by the
standard IR technique.***%** In our study, the experimental
SEIRA EF is defined as

Ahsgira /NseRA
EFeyp=—————— 1
P Ahatp/NaTp @
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where Ahggra refers to the enhanced vibration intensity of the
probe molecules, Aharp stands for the vibrational signal inten-
sity of pure ATP molecules (Fig. S12, ESIt), and Nggra and Narp
are the numbers of probe molecules surrounding the Au
nanoantennas and pure ATP molecules that are measured,
respectively. The amounts of Au nanocrystals were quantified
on the basis of the calibration line obtained from the induc-
tively coupled plasma-mass spectrometry (ICP-MS) measure-
ments (Fig. S13, ESIT). The surface number densities of the
Au nanocrystals deposited on MgF, substrates were estimated
to be ~1.7 pm™?
nanonails, respectively. The surface densities of the Au nano-
crystals are so low that the plasmon coupling among the
nanocrystals can be neglected. According to previous studies,
ATP molecules form a self-assembled monolayer with a thickness
of ~0.667 nm, and their molecular axes incline slightly with
respect to the surface normal of Au nanocrystals.”*”> The surface
number density of ATP molecules was determined through the
density functional theory (DFT) calculation (Fig. S14, ESIt). The
simulation results show that the Au-S bond length is 0.251 nm and

and ~0.4 um > for the Au nanorods and
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Fig. 5 SEIRA performances of the Au nanonails and nanorods. (a) IR extinction spectra of the Au nanonail sample measured three times. (b) IR extinction

spectra of the Au nanorod sample measured three times.

that each ATP molecule occupies an area of ~0.20 nm? at the full
coverage limit on the Au surface, which is in good agreement with
previous results.”®”® The total number of ATP molecules adsorbed
on each nanocrystal is 1.18 x 10~ "® mol (711 000 molecules) for the
Au nanonail, and is 4.96 x 10~"° mol (299 000 molecules) for the
Au nanorod. The IR spectrum of ATP molecules at a known amount
was measured and used as the reference. The EF.,, values of the
Au nanonails and nanorods were consequently calculated to be
~2180 and ~1400, respectively. The difference between the Au
nanonails and nanorods is 56%. This is very close to the difference
found above for Ah/AH.

Our obtained EF values are on the same order of magnitude
as the typical ones reported in previous studies,'®”° while they
are smaller than the reported high EF values of 10" folds***°
and 10° folds.*>*> One of the possible reasons for the smaller
EF values in our work is that the enhanced vibrational signal
mainly originates from the molecules located at the hot-spots,
namely the tips of the nanonails. However, a majority of the
probe molecules are located around the Au nanocrystals on
the side facets, and their signals are only slightly enhanced. The
averaging effect of the enhancements at the different positions
results in the smaller EF values in our work. Nevertheless, the
EF values are both higher than that of the Ag nanorods in our
previous work (~1020), which is ascribed to the thinner
diameter of the Au nanorods and sharper tips of the Au nano-
nails. Thiolate polymers, such as thiol-terminated methoxy
poly(ethylene glycol), can be preferentially attached to the ends
of elongated Au nanocrystals.®>®! In this regard, if the probe
molecules can be managed to adsorb selectively at the ends of
the Au nanocrystals in the future, the EF values can be further
increased. If the ends of the Au nanonails are assumed to have
a penta-pyramid shape and those of the Au nanorods have a

This journal is © The Royal Society of Chemistry 2020

hemisphere shape, the EF values can be estimated to be ~87 000
and 31600 for the Au nanonails and nanorods, respectively,
based on the surface areas of the penta-pyramids and the
hemispheres. These values are actually under-estimated because
maximal field enhancements are usually located in the sharpest
regions for elongated plasmonic metal nanocrystals. The Au
nanonails can be further used as SEIRA nanoantennas to detect
other molecules, such as the commonly seen biomolecule
L-cysteine. L-Cysteine is a type of amino acid containing a thiol
group and has been used as a food additive. The thiol side chain
in cysteine often participates in enzymatic reactions, as a
nucleophile. The thiol is susceptible to be oxidized to give the
disulfide derivative cystine, which plays a crucial structural role
in many proteins. Analyzing the amount of r-cysteine is of great
importance in biological systems. The Au nanonails with an
average length/diameter of 1424 + 104 nm/33 + 2 nm were used
to measure L-cysteine. The vibrational signal of r-cysteine at
1400 cm ™', which can be ascribed to the symmetric stretching
mode of the O-C-O group,®” is enhanced and can be observed
clearly in the IR spectrum (Fig. S15, ESIT). This result suggests
that the Au nanonails are of huge potential for the enhance-
ments of the vibrational signals of different molecules, which
marks a step forward towards biological applications of colloidal
metal nanocrystals as SEIRA nanoantennas.

FDTD-simulated SEIRA performance

The far-field optical cross-sections and near-field electric field
enhancements of the Au nanorod and nanonail were further
simulated using the FDTD method in order to better under-
stand the experimental results. The refractive index of the MgF,
substrate is low (~1.38) and the substrate was not considered in
our simulations for the sake of simplicity. The lengths/diameters
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of the Au nanonail and nanorod were set at 1784 nm/32 nm and
1304 nm/18 nm, respectively. There was a dielectric shell with a
shell thickness of 1.0 nm surrounding the Au nanonail and
nanorod. The refractive index of the dielectric shell was set at
1.66, which is the same as that of ATP molecules. The diameters
of the simulated Au nanonail and nanorod are the same as those
of the Au nanonail and nanorod samples in the experiments,
respectively. Their lengths were adjusted to make their long-
itudinal dipolar plasmon resonance peaks match the molecular
vibrations (1555 cm™ ). The lengths of the simulated nanoparticle
models are slightly larger than those of the experimental samples
due to the absence of the substrate in our simulations. The
simulated extinction, absorption and scattering cross-sections of
the Au nanonail and nanorod are plotted in Fig. S16 (ESIt).
Compared to the Au nanorod, the Au nanonail possesses a larger
extinction cross-section and a higher scattering-to-absorption ratio.
The higher scattering-to-absorption ratio of the Au nanonail also
contributes to its larger SEIRA enhancement, which has been shown
in a previous report.*® The electric field is enhanced and maximized
at the two ends of the Au nanocrystals and decays exponentially away
from the metal surface, as shown in the electric field intensity
enhancement contours (Fig. 6a). The Au nanonail exhibits larger
local field enhancement than the Au nanorod due to its sharper tips.
This is consistent with the knowledge that the shaper a plasmonic
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nanocrystal, the larger the electric field enhancement is.” The electric
field intensity enhancement (|E/E,|*) was employed to estimate the
SEIRA enhancement, since the enhancement of molecular vibra-
tional signals scales as |E|* of the local electric field.>” The maximal
field intensity enhancement factor |E/E,|” at the two ends of the Au
nanonail is 108 000, which is 7 times larger than that of the Au
nanorod (15000) (Fig. 6b). The Au nanonails are therefore more
favourable for optical applications where large extinction cross-
sections and high electric field enhancements are desired.

The interaction between the plasmon resonance and the
molecular vibration can be interpreted by introducing the
probe molecules in the models of the Au nanocrystals.
The dimensions of the Au nanonail and nanorod remain
unchanged. The probe molecules are evenly distributed in the
dielectric shell around the nanocrystals with a shell thickness
of 1.0 nm. The dielectric function of the probe molecules
is described by a homogeneously broadened three-oscillator
Lorentzian model®***

2
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Fig. 6 FDTD simulations. (a) Electric field enhancement (IE/Eof?) contours of the Au nanonail and nanorod under the longitudinal excitation at 1555 cm™™. The
lengths/diameters of the Au nanonail and nanorod are 1784 nm/32 nm and 1304 nm/18 nm, respectively. The contours are drawn at the logarithmic scale.
(b) Electric field intensity enhancement (|E/Eq|?) profiles along the longitudinal direction of the Au nanonail and nanorod. The origin is at the center of the Au
nanocrystals. (c) Extinction cross-sections of the Au nanonail, the Au nanonail encapsulated with ATP molecules, and the sole shell composed of ATP molecules.
(d) Extinction cross-sections of the Au nanorod, the Au nanorod encapsulated with ATP molecules, and the sole shell composed of ATP molecules.
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where ey is the background permittivity, A is the coefficient of
the collective oscillation strength, s; (i = 1, 2, 3) is the relative
oscillator strength, with s; set at 1, w; is the vibrational
frequency of the probe molecule, and y; is the linewidth of
the molecular vibration. e,, equals to 1.662, which is the
permittivity of ATP molecules. The parameter A was determined
to be 10 to make the lineshape of the simulated spectra as close
as possible to the experimental one. The vibrational parameters
of s;, w; and y; were extracted from the IR extinction spectrum of
ATP molecules, as listed in Table S3 (ESIt). The simulated
cross-sections of the Au nanonail and nanorod encapsulated
with ATP molecules are plotted in Fig. S17 (ESIt). Similarly, the
simulated SEIRA EF of the Au nanonail and nanorod can be
calculated as

AhSEIRAAsim
EFy = SSEIRASm 3
M ARATP sim )

where Ahgpira sim and Akiarp sim represent the simulated vibra-
tional signal of the probe molecules in SEIRA and that of pure
ATP molecules in the sole dielectric shell (Fig. S18, ESIY),
respectively. The extinction cross-section of the pure ATP
molecules was calculated by removing the Au core and leaving
the dielectric shell only. The EF;,, values of the Au nanonail
and nanorod were calculated to be ~4860 and ~ 3200, respec-
tively. These values are larger than the EF., values, while both
pairs are on the same order of magnitude. The larger EFg;,
values can be attributed to the fact that EFg;,,, was calculated at
the single-particle level in the simulations and that the
plasmon resonances of the Au nanocrystals were adjusted to
precisely match the molecular vibrations. In the experiments,
however, EF.., was measured at the ensemble level. There
are size distributions for the Au nanocrystal samples and
consequently frequency distributions for their longitudinal
plasmon resonance. The contribution of the Au nanocrystals
whose plasmon resonance does not perfectly match the mole-
cular vibrations will compromise and weaken the enhanced
vibrational signals. The difference of EFg;,, between the Au
nanonail and nanorod is 52%. In addition, we also calculated
the integrated near-field in a shell around the nanostructure.
The shell is located 1 nm away from the surface of the Au
nanostructure and the shell thickness is 1 nm. The average
integral values of the electric field intensity enhancement
(|E/E0|avemge2) are 2272 and 1466 for the Au nanonail and
nanorod, respectively. The difference of the |E/E0|a‘,mge2
values between the Au nanonail and nanorod is 55%, which
is again very close to the differences found above for EFg;,,
(52%), EFexp (56%) and Ah/AH (54%). The |E/Eo|average” values
of the Au nanonail and nanorod are both smaller than their
EF.,p, values. The reason might be that the calculation of the
integrated electric field intensity was performed 1 nm away
from the surface of the Au nanostructure. On the other hand,
the vibration lineshapes observed in the experiments can be
generally well reproduced in the simulations by considering
the interaction between the plasmon resonance and the
molecular vibrations.
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Conclusions

In summary, high-aspect-ratio Au nanorods with high unifor-
mities in size and shape have been successfully prepared. Their
length can be synthetically controlled from ~200 nm to
~1400 nm and their longitudinal plasmon resonance wave-
length can be varied from the NIR to MIR region. High-aspect-
ratio Au nanonails have been further prepared through Au
overgrowth on the Au nanorods. Their dimensions and plasmon
resonance wavelength can also be widely varied. By employing
ATP as the probe molecule, SEIRA enhancements have been
successfully demonstrated on the Au nanonails and nanorods.
The Au nanonails exhibit better SEIRA performance owing
to their sharp tips and the nearly periodic ridges along their
penta-facets. The experimental SEIRA enhancement factors are
2180 and 1400 for the optimized Au nanonails and nanorods,
respectively. FDTD simulations reveal that the Au nanonail
possesses higher local field enhancement and superior SEIRA
performance than the Au nanorod. The simulated SEIRA
enhancement factors for the Au nanocrystals are higher than
the experimental ones while on the same order. The Au nano-
nails have been further used to detect -cysteine, which marks a
step forward towards the biological applications of colloidal
metal nanocrystals as SEIRA nanoantennas. Our discoveries pave
the way towards the utilization of colloidal metal nanocrystals in
SEIRA as well as the exploration of their applications in chemical
sensing and biomolecular detection in the IR region.

Experimental

Chemicals

Gold chloride trihydrate (HAuCl;-3H,O, 99%), silver nitrate
(AgNO3, 99%), sodium borohydride (NaBH,, 98%), trisodium citrate
(99%) and ascorbic acid (99%) were purchased from Sigma-Aldrich.
CTAB (98%) was obtained from Alfa Aesar. Sodium hydroxide
(NaOH, 99.9%) was purchased from Aladdin Chemical. Deionized
water obtained from a Direct-Q 5 ultraviolet water purification
system was used in all experiments.

Preparation of the Au nanorods

The Au nanorods were synthesized using the seed-mediated
growth method, as reported previously. The seed solution was
prepared by adding freshly prepared, ice-cold NaBH, solution
(0.1 M, 0.25 mL) into a solution composed of HAuCl, (0.01 M,
0.25 mL), trisodium citrate (0.01 M, 0.25 mL) and deionized
water (9 mL) under vigorous stirring. The resultant seed
solution was left undisturbed at room temperature for 2 h.
The first two solutions (1 and 2) were made by mixing together
CTAB (0.1 M, 9 mL), HAuCl, (0.01 M, 0.25 mL), ascorbic acid
(0.1 M, 0.05 mL) and NaOH (0.1 M, 0.05 mL) sequentially. The
NaOH solution was replaced with HNO; (0.1 M) at different
volumes for the preparation of the Au nanorods with different
aspect ratios. The third growth solution (3) was made by mixing
together CTAB (0.1 M, 90 mL), HAuCl, (0.01 M, 2.5 mL),
ascorbic acid (0.1 M, 0.5 mL) and NaOH (0.1 M, 0.6 mL). The
formation of the Au nanorods was initiated by adding the seed
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solution (0.2-1 mL) to the growth solution 1, which was followed by
gentle shaking for 5 s. The resultant solution (1 mL) was then
added to the growth solution 2, followed by gentle shaking for 5 s.
All of the resultant solution was then added to solution 3. The
obtained solution was mixed by gentle shaking and then left
undisturbed at room temperature for 12 h. High-aspectratio Au
nanorods along with a significant amount of Au nanoplates pre-
cipitated from the solution and formed a thin film at the bottom of
the flask. The resultant supernatant, which contained mostly
spherical nanoparticles, was carefully removed. The precipitate of
the Au nanorods and nanoplates was redispersed into CTAB
solution (0.05 M, 10 mL) upon sonication for 30 s. The oxidizing
Au(m) solution was prepared by adding HAuCl, (0.01 M, 0.5 mL) to
CTAB (0.1 M, 10 mL). The Au(m) solution (1 mL) was then added
into the suspension of the nanorods and nanoplates upon stirring
and left undisturbed for 12 h. The Au nanorods along with a small
amount of large nanodisks precipitated and formed a thin film on
the bottom of the flask. The greenish-blue supernatant containing
small nanodisks was carefully removed and the precipitate was
again redispersed in CTAB (0.05 M, 10 mL) followed by the addition
of another Au(m) solution (1 mL). This process of partial dissolution
was repeated three times until the complete removal of the Au
nanoplates. The pure Au nanorods were dispersed in deionized
water (10 mL).

Preparation of the high-aspect-ratio Au nanonails

The Au nanonail samples were produced by performing overgrowth
on the Au nanorods of different dimensions. Each overgrowth
solution was prepared by mixing CTAB (0.1 M, 1.0 mL), HAuCl,
(0.01 M, 0.01 mL), AgNO; (0.01 M, 0.04 mL) and deionized water
(6.5 mL) in sequence. Ascorbic acid (0.1 M, 0.016 mL) and the Au
nanorods (2.5 mL, ~1 x 10° particles mL ") were subsequently
added into the mixture solution. The resultant solution was kept
under stirring at room temperature for 6 h to complete the over-
growth. The as-prepared Au nanonails were washed and redispersed
in deionized water for further use.

Decorating the Au nanorods and nanonails with the thiol
molecules

The as-grown Au nanocrystal solution (1 mL) was centrifuged
twice to remove the surfactant CTAB molecules and redispersed
in deionized water (1 mL and 0.2 mL, respectively). The
obtained Au nanocrystal solution was added into ATP solution
(0.01 M, 1 mL) and then kept undisturbed for at least 6 h. The
solution was centrifuged twice and redispersed in deionized
water (1 mL and 0.2 mL, respectively). The resultant Au nano-
crystal solution was drop-cast on a MgF, substrate and dried
under vacuum. The dried substrate was further immersed in
ethanol for at least 6 h and then blown dry with N, for the FTIR
measurements. 1-Cysteine molecules were adsorbed on the Au
nanocrystals in a similar way.

Instrumentation

The extinction spectra were collected using a Hitachi U-4100
ultraviolet/visible/NIR spectrophotometer using 0.5 cm quartz
cuvettes. SEM imaging was performed using an FEI Quanta 250
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FEG microscope operated at 20 kV. TEM imaging was carried
out using an FEI Tecnai Spirit 12 microscope operated at
120 kV. The pH of the growth solution was measured using a
FiveEasy Plus (Mettle-Toledo) pH meter. The ICP-MS measure-
ments were performed using an iCAP 7600 ICP-OES system.
Before the ICP-MS measurements, the Au nanorod and nano-
nail samples were centrifuged and dissolved by aqua regia
(v/v, 3:1, concentrated HCl/concentrated HNO;) to dissolve
the Au nanocrystals, and diluted to the original volume in
deionized water. The IR spectra were measured on a Thermo
Scientific Nicolet iS5 FTIR spectrometer. The spectral resolu-
tion was 0.5 cm ', and the IR spectra were collected by
averaging 36 scans. The aperture diameter of the IR beam
was 8 mm and the approximate area was 50 mm?. Before the
measurements, the Au nanorod and nanonail solution (0.2 mL)
was dropped on the surface of a MgF, substrate. The substrate
was then placed into a vacuum chamber that was connected to
a mechanical vacuum pump. After the solution was dried, the
substrate was subsequently transferred into the sample cham-
ber of the FTIR spectrometer. The IR transmittance spectra of
the samples were corrected by deducting the spectrum taken on
a blank MgF, substrate to remove the background. The spectral
range for the MgF, substrates was 6000-1200 cm™'. The
circular MgF, substrate had a surface area of 113 mm”. The
illuminated area was approximately half of the surface area of
the substrate.

DFT calculations

The surface density of the ATP molecules on the Au nano-
crystals was calculated by using DFT at the PBE0/6-31+G(d,p)
level. The polarizable continuum model was implemented to
consider the solvent effect, with the static dielectric constant of
water (¢ = 78.36) being used. The vibrational frequency analysis
was performed to verify that the optimized geometry was a local
minimum. The gold surface was modelled with a (5 x 5)
Au(111) surface slab, which contained five Au layers and a
1.5 nm-thick vacuum layer. The periodic boundary condition
(PBC) model was implemented to optimize the structure of
gold, with the bottom three layers of Au atoms frozen. The
HSEh1PBE functional with the LANL2DA basis set for Au atoms
was employed. The Int (Grid = Ultrafine) was performed, which
is generally better for PBC calculations. All of the optimizations
were manipulated by the Gaussian 09 suite. In the simulations,
the hydrogen atom in the thiol group of ATP was removed on
account of the experimental observation that the dissociative
adsorption occurs on the Au surface for the S-H bond. The
structure of the adsorption system was optimized using the
PBC model together with the HSEh1PBE functional.

FDTD simulations

The simulations were performed using FDTD Solutions 8.7,
developed by Lumerical Solutions. In the simulations, an
electromagnetic plane wave in the wavelength range from
1600 nm to 8350 nm was launched into a box containing a
target Au nanonail or nanorod. The mesh size was set at 2 nm
in calculating the absorption, scattering and extinction spectra
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of the nanocrystals, and it was set at 1 nm in calculating the
electric field enhancement contours. The refractive index of the
surrounding medium was set at 1.0. The dielectric function of
Au was fitted from Palik’s data in the range of 1-8.5 um. The
dielectric function of the ATP molecule was described using a
homogeneously broadened three-oscillator Lorentzian model.
The shell thickness was 1.0 nm. Each Au nanorod was modelled
as a cylinder with two hemispherical ends. The Au nanonail was
modelled as a pentagonal cylinder with two penta-pyramid
ends. The length/diameter of the Au nanonail and nanorod
were set at 1784 nm/32 nm and 1304 nm/18 nm, respectively.
The polarization direction of the incident light was set to be
parallel to the length axis to excite the longitudinal dipolar
plasmon resonance of the Au nanocrystals.
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