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In recent years, nanophotonics have had a transformative impact on harnessing energy, directing chemical
reactions, and enabling novel molecular dynamics for thermodynamically intensive applications. Plasmonic
nanoparticles have emerged as a tool for confining light on nanometer-length scales where regions of
intense electromagnetic fields can be precisely tuned for controlled surface chemistry. We demonstrate a
precision pH-driven synthesis of gold nanorods with optical resonance properties widely tunable across the
near-infrared spectrum. Through controlled electrostatic interactions, we can perform selective adsorbate
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molecule attachment and monitor the surface transitions through spectroscopic techniques that include
ground-state absorption spectrophotometry, two-dimensional X-ray absorption near-edge spectroscopy,
Fourier-transform infrared spectroscopy, and surface-enhanced Raman spectroscopy. We elucidate the
electronic, structural, and chemical factors that contribute to plasmon-molecule dynamics at the nanoscale
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1 Introduction

Gold nanoparticles (<100 nm for one axis) have found a wide
range of applications in diverse fields such as catalysis, sensing,
electronics, and biomedicine. Spherical gold nanoparticles have
traditionally been the most widely employed in various applica-
tion domains. However, their plasmonic response is only limited
to the visible region. Consequently, anisotropic nanostructures,
such as gold nanorods (GNRs), have attracted a great deal of
attention in recent years." This is because their plasmonic
properties can be easily tuned by adjusting the aspect ratio of
the structures. This tunability and the associated possibility of
harnessing anisotropic plasmonic resonances have made GNRs
indispensable for a variety of applications.? For example, GNRs
are utilized in biomedicine as mediators of photothermal
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with broad implications for the fields of energy, photonics, and bio-inspired materials.

treatment to target and destroy cancer cells, in radiation
therapy, (cancer) cell imaging, or as a less toxic and more effi-
cient drug delivery alternative (depending on the surfactant).***
They can also be used in displays, as encoders for security systems,
as nanoantennas, or as resonant light-driven artificial bio-
motors.>">™"°

Because of the structural anisotropy, GNRs possess both
translational and rotational degrees of freedom resulting in a
longitudinal (length) as well as a transverse (diameter) surface
plasmon wavelength (LSPW, TSPW).'"'®'” Depending on the
length-to-diameter aspect ratio, the GNRs exhibit unique
absorption spectra indicated by a distinct surface plasmon
resonance. Plasmons describe collective oscillations of the
quasi-free electrons excited by the electric field of the incident
light. Looking at GNRs with a size much smaller than the
wavelength of the incident light, the plasmonic oscillations
encompass the entire surface of the GNRs, then referred to
as localized surface plasmons resonance (LSPR), as shown in
Fig. 1. These charge oscillations induce a dipole negatively
interfering with the incident electric field, leading toward the
absorption of either the LSPW or TSPW in the Vis/NIR range.
The LSPW can cover a broad spectrum in the Vis/NIR range
(in this work, between & 700-1100 nm). The shorter the length
of the GNRs, the more blueshifted their LSPW.>'8725

In order to control the length of the GNRs - and hence the
LSPW - the pH, growth time, and volume of the solutions are
among the critical parameters to be considered during the
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Fig. 1 Schematic representation of the collective electronic oscillations of (a) GNRs possessing both a transverse and longitudinal surface plasmon
wavelength and (b) GNSs having a totally symmetric localized surface plasmon resonance.

synthesis process. At present, there is a variety of methods for
synthesizing GNRs using different techniques and chemicals.
The method of seed-mediated growth can be applied to control
the LSPW.?*! In this method, adjusting the pH, growth and
reaction time, chemicals used, and the upscaling factor have a
significant impact on the shape, the geometry, and the size of
the GNRs.>”?**® Throughout this work, the seed-mediated
growth method from Leng et al.*® was further developed by
including a precise adjustment of the synthesis parameters
mentioned above. This can lead to an unprecedented level of
detail in fine-tuning the morphology of the GNRs and their
optical properties.

Herein, we demonstrate a nanofabrication approach that
allows us to reliably and reproducibly tune the LSPR to the
photothermal region for controlled heating applications that
are not hot electron-activated. This approach confers three
main advantages: surface selectivity, tunability of the optical
and electronic properties, and control of heat dissipation.
An application where this approach is especially advantageous
is when considering molecular analytes commonly employed in
photodynamic therapy applications. Notably, a common ther-
apeutic dye, methylene blue (MB), degrades under ultraviolet
light and from hot electron excitation in solid-state materials.
Therefore, utilizing LSPR scaffolding to enhance molecular
dynamics and absorptive properties is beneficial.>” In this
manuscript, we evaluate site-specific coordination of a target
analyte molecule for bio-inspired complex materials and
demonstrate the utility of a pH-mediated synthetic approach
to create nanostructures with a high degree of uniformity,
shape, and size control. The tunability of surfactant chemistry
also enables preferential binding of blue dyes to the nanopar-
ticle surface, which has important applications in phonon
(heat) dissipation into condensed phase media.**™*’

2. Experimental methods
and characterization

2.1. Targeted growth and fine-tuning of noble gold
nanostructures

Two batches of solutions were prepared for each experimental
run to carry out the targeted synthesis: several growth solutions
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and one seed solution. About 100 mL stock solutions of the
used chemicals in MilliQ water (18.2 MQ cm at 25 °C) were
prepared in order to ensure reproducibility across several
experimental runs. The growth solutions were prepared using
cetyltrimethylammonium bromide (CTAB, 0.20 M, 5.0 mL),
hydrogen tetrachloroaurate(ur) trihydrate (HAuCl,;-3H,0, 5.0 X
10* M, 1.0 mL), hydroxylamine hydrochloride (NH,OH-HClI,
0.1 M, 1.0 mL), silver nitrate (AgNO3, 0.01 M, 0.10 mL) and
sodium hydroxide (NaOH, 0.2 M, for pH increase), which were
stored under constant stirring (300 rpm) in a 28 °C water bath.

For obtaining the GNRs, the pH in the growth solution was
set between =~ 5.0-8.0 since a higher pH led to the formation of
gold nanospheres (GNSs). To initiate the growth process, 15 L
of the seed solution, consisting of CTAB (0.20 M, 5 mL),
HAuCl,-3H,0 (5.0 x 10°* M, 5.0 mL) and freshly prepared
(<30 min) ice-cold sodium borohydride (NaBH,, 0.01 M,
0.60 mL), were added into the growth solutions after precise
adjustment of the pH, using a pH-meter (Metrohm 744 pH with
a Hamilton SlimTriode electrode, Orion Star A211). After seed-
ing, the growth solutions were kept in screwable amber glass
vials (20 mL) in a 28 °C water bath throughout the whole growth
process. A scheme of the synthesis process is shown in Fig. S1
in the ESI.f These CTAB-GNRs are stable for months in the
water bath (excess CTAB will crystallize at room temperature).
After 24-48 h, the growth process has ended naturally or can be
terminated by centrifugation (5600 rpm, 15 mL conical falcon
tubes, 5-10 min). A more detailed synthesis protocol can be
found in the extended experimental section of the ESI.{

In order to investigate the different plasmon resonance
responses and electrostatic interactions between the GNRs,
the surfactant stabilizing the growth process and the attached
dye molecules can be exchanged, as illustrated in Fig. 2a.
Briefly, the CTAB-GNRs (OD =~ 5) were centrifuged in 1.5 mL
conical falcon tubes (6000 rpm, 30 min), and the supernatant
was carefully removed, and the same volume of a 0.7 wt%
poly(sodium 4-styrenesulfonate) (Na-PSS) dissolved in MilliQ-
water was added. The suspension was put in a sonicator bath to
redisperse the GNRs. Subsequently, the same process was
repeated a second time using Na-PSS and another 1-2 times
(depending on the concentration of the GNRs) using 0.7 wt% of
sodium citrate (Na-CIT) dissolved in MilliQ-water. Both the PSS-
and CIT-GNRs are stable at room temperature for several weeks

This journal is © the Owner Societies 2024
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Fig. 2 (a) A scheme of the surfactant-stabilized growth process resulting in CTAB-GNRs with a positive surface charge. Exchanging the surfactant using

Na-PSS leads to a delocalized negative surface charge, which allows the final attachment of Na-CIT to the GNRs’ surface, resulting in a negative surface
charge. (b) The different absorption (resonance) spectra of CTAB-, PSS-, and CIT-GNRs. The inset shows the transmission/color of CTAB-GNRs (A),
CTAB-GNRs + IC (B, C; different concentrations), and CIT-GNRs (D). (c) SEM and TEM image of CTAB-GNRs.

and do not have to be stored in a water bath compared to CTAB-
GNRs. Fig. 2b shows the resonance shift and the broadening of
the absorption spectra using different surfactant-capped GNRs,
and Fig. 2c a scanning and transmission electron microscope
(SEM, TEM) image verifying the homogeneity and precise size
distribution of the GNRs.*®

Due to the positive/negative surface charge of the surfactant-
capped GNRs, it is possible to attach different dye molecules
to the GNRs’ surface electrostatically. The following dyes were
selected for this study: indigo carmine (IC), MB, and leuco-
methylene blue (LMB). IC (negative) is attached to the CTAB-
GNRs, whereas LMB (neutral) and MB (positive) are attached
to the CIT-GNRs. The dyes were prepared in 100 M stock
solutions in MilliQ-water. For the CTAB-GNRs (OD x'5), 1 mL
of the solution was centrifuged (6000 rpm, 20 min), and >
90% of the supernatant was carefully removed. The subse-
quent addition of the same volume of IC from its stock
solution led to a color change from red/orange to purple/
violet, as seen in Fig. 2b. For the CIT-GNRs (1 mL, OD =x1),
50 L of LMB were added, and after ~10 min 100 L of 10 wt% of
polyvinylpyrrolidone (PVP) in MilliQ-water were added to
prevent precipitation through agglomeration of the CIT-
GNRs. The exact process was repeated for MB. The absorption
spectra are displayed in Fig. 5. All these solutions are stable at
room temperature for several weeks and were used for the
subsequent characterizations.

This journal is © the Owner Societies 2024

2.2. UV/Vis/NIR absorption spectrophotometry

A Cary 60 spectrophotometer (Agilent Technologies, Santa
Clara, CA) in dual-beam mode was used to scan the absorbance
properties of the bare and functionalized gold nanostructures.
A scan range of 200-1100 nm was used with a step size of
0.5 nm, an averaging time of 0.1 s, and a scan rate of 300 nm.
The spectra were background-subtracted using solvent blanks
performed in a 2 mm path-length quartz cuvette (Spectrocell).

2.3. Nano-XANES imaging and spectroscopy

A focused high energy X-ray beam (<40 nm resolution) was
used to image and obtain spectroscopic information on two
differing sizes of CTAB-GNRs at the Au Ls-edge (11918.7 eV)*°
performed at beamline 3-ID Hard X-ray nanoprobe (HXN) of the
National Synchrotron Light Source 2 (NSLS-II).*>*' The high
photon flux (>10® photons s~ ') allows for the detection of
subtle changes in electronic information correlated to the
nanoscale structures. An aliquot of concentrated sample
(OD ~ 10) was drop-casted onto silicon wafers and allowed
to dry under ambient conditions before loading into a sealed
sample chamber with a beryllium window. Once the sample
was positioned at a 45° angle for two-dimensional fluorescence
imaging, the chamber was pumped down to a pre-vacuum state
and held under a helium atmosphere. Alignment and measure-
ments were performed using Fresnel X-ray zone plates and a
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Fig. 3 64 X-ray fluorescence (XRF) maps (2.5 x 2.5 m?) were recorded, stacked, and aligned, covering an energy range of 11.880-12.000 keV. The
region with the highest intensity (GNRs, yellow) was chosen using an ROl of 5 x 5 px (200 x 200 nm?), and the 2D X-ray absorption near-edge structure
(2D-XANES) spectra were processed for CTAB-GNRs possessing a 772 nm and 706 nm LSPW, and the gold foil.

Si(111) double-crystal monochromator with a spectral resolu-
tion of 10~* (dE/E). A scanning range of 2.5 x 2.5 m” was used
with a total of 64 energy points across an energy range of 11.880-
12.000 keV (Fig. 3). The gold foil spectrum was measured in
transmission mode with a large beam upstream to the micro-
scope with a beam size of ~ 2 x 0.5 mm? The raw data and the
corresponding first derivatives can be found in Fig. S5 in the
ESL.¥ An overview of the signal-to-noise ratio and resolution,
depending on the chosen size of the ROI on the two-dimensional
X-ray fluorescence (2D-XRF) maps before processing the two-
dimensional X-ray absorption near-edge structure (2D-XANES)
spectra is displayed in Fig. S6 in the ESL{ Fig. S7 in the ESI¥
shows eleven accumulated spectra of the highest intensity
regions (high concentration of GNRs) with an ROI of 5 x 5 px?,
and the difference in the 2D-XANES spectra processed from these
regions compared to the background (dark spots). Data was
acquired using Bluesky software, and workup was performed
using XMIDAS, xraylarch, Athena (Demeter), and MatLab.

25584 | Phys. Chem. Chem. Phys., 2024, 26, 25581-25589

2.4. FTIR characterization of surfactant chemistry

Samples for the FTIR analysis were prepared by drop-casting an
aliquot of concentrated GNR dispersion with the molecular
adsorbates onto two different membranes (International
Crystal Laboratories) consisting of either polyethylene or
polytetrafluorethylen, allowing for a transmission range of
400-4000 cm . The spectra were then recorded using a Nicolet
iS20 (Thermo Scientific) Fourier-transform infrared (FTIR)
spectrometer (transmittance mode) with a resolution of
0.25 cm™ "' and an acquisition of 64 scans per spectrum. The
data was acquired and pre-processed using OMNIC software
with workup and analysis performed in MatLab.

2.5. SERS-based detection of molecular analytes

Samples for surface-enhanced Raman spectroscopy (SERS)
measurements were prepared by drop-casting an aliquot of
the mixture (dye + different surfactant-capped GNRs) to a glass

This journal is © the Owner Societies 2024
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microscope coverslip and allowed to dry under ambient conditions.
A single wavelength excitation source (632.8 nm) was used to
illuminate the sample in a confocal Raman imaging micro-
scope (Witec Alpha 300) with a cone of collection determined
by a 100x magnification objective detected in a 180° back-
scattering geometry. The sample was positioned on a piezo-
actuated stage with focusing in the z-direction and aligned to
the 520 cm™* peak in a silicon wafer. Data was acquired and
pre-processed using Witec Project 5 software with workup and
analysis performed in MatLab and Origin Pro.

3 Results and discussion

One of the notable effects of the LSPR of GNRs is the extra-
ordinary enhancement of the electric field around the surface,
which results in dramatic absorption of specific wavelengths of
incident light. The wavelengths transmitted by the GNRs deter-
mine the color of the nanoparticle suspension, as seen in
Fig. 2b. Different geometries interact in a certain way with
the electric field of the incident light, giving rise to a variety of
unique dipole moments, generally described with the equation

P = €otm®|Eol,

where p stands for the dipole moment of the GNRs in an
external electric field |E,|, and o its polarizability (depending
on the geometry, size, and material). Spherical gold nano-
particles exhibit only one symmetric LSPR, ie., one dipole
moment, resulting in

&(4) — &m
&(A) + 2em

do

|Eol,

3¢€
Disot. = €0ém 4T R

where ¢(1), &m and ¢, indicate the dielectric functions of the
nanoparticle, its surrounding material, and the vacuum, R the
radius of the sphere, and «, the spherical polarizability.
In contrast, GNRs show two LSPRs, ie., TSPW and LSPW,
resulting in a separation of o

Panisot. = €0tm(%t) |Eol | + 1 |Eo| 1)

e(4) — em
8(}) + L”L(S(}) - Sm)’

a\LL =V

where o,|Eo| describe the LSPW, and « , ,|E| ; the TSPW, L |
the longitudinal and transverse axes (depending on the aspect
ratio and geometry of the GNRs), and V the volume of the GNRs.
Therefore, a clear separation of the LSPR response, especially in
GNRs, can be observed, covering the UV/Vis (TSPW) and the
Vis/NIR range (LSPW). As described by the Mie and Rayleigh
theory, their dielectric functions determine the measured
absorption cross sections (C,ps) for GNRs. The C,ps can be
manipulated depending on the surfactant and ligands of
individual GNRs, resulting in an altered LSPR response, which
is the subject of this work.>'>***3 A scheme of the LSPW
and the correlation to the lengths of the GNRs is illustrated
in Fig. 4a.
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Fig. 4 (a) Scheme of correlating different GNRs lengths and their LSPW.

(b) Correlation between the pH of the solutions and the LSPW (¢) and
TSPW (O) of the GNRs. A signature of GNSs (A) was also observed at basic
pH values. The legend states the growth times, the assignment of the
absorption peaks, and the upscaling of the total solution by a factor of 10.
The error bars indicate the precision of the pH measurement.

The absorption spectra of the GNRs discussed in this work
can be found in Fig. S2-54 in the ESI.{ The peak associated with
the TSPW is present at shorter wavelengths (&~ 500 nm), and
the peak indicating the LSPW covers a spectrum between =
700-1100 nm. A lower pH (=&5) led to a redshift (longer
wavelengths), whereas an increase in pH (x8.5) led to a blue-
shift (shorter wavelengths) of the LSPW. In order to illustrate
this trend, all absorption peaks were precisely evaluated, using
Voigt-fits (Fig. S4 in the ESIt), and plotted against their pH, as
shown in Fig. 4b. At pH values greater than 7, the TSPW of the
GNRs underwent a redshift and broadened spectrally. This
change was either indicated by a small discontinuity of the
curve up to the formation of a new third peak corresponding
to the formation of isotropic particles, marked as “A” in
Fig. 4b. As spheres only possess a single geometric parameter
(diameter), they only show a single absorption peak in the
spectra (&~ 550 nm), which neither corresponds to the LSPW nor
the TSPW of the GNRs. As most samples contain traces of
spheres, confirmed by SEM imaging, the Voigt model utilizes
three distinct absorption peaks. The third peak corresponding
to the spheres only became clearly visible at a basic pH, as
shown in Fig. 4b.

When the GNRs were synthesized in the appropriate acidic
pH regime, a clear correlation between the position of the
LSPW and the growth time and the pH value was observed.
The lower the pH, the more redshifted the LSPW and the
greater the length of the GNRs. If the pH was adjusted to a
more basic value, the LSPW became more blueshifted; hence,
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the GNRs’ length would decrease. This is due to the increased
reducing power of NH,OH-HCI at larger pH values,”**> which
leads to the formation of shorter GNRs in the growth process
due to a faster consumption of the educts in the growth
solution, leaving no sufficient time to form longer GNRs. The
trend was no longer present for growth times shorter than one
hour (yellow “0”’) since, at a lower pH, the LSPW was blue-
shifted. With an increasing pH (>6.5), a trend comparable to
that of GNRs with growth times longer than one hour was
observed. This can be explained by the fact that at lower pH
values (~5), the reduction of HAuCl,-;H,0 from Au® to Au’®
takes longer (pH = 2.7 of the growth solutions before adjust-
ment). Adjusting the overall volume of the synthesis (upscaling
with a factor of 10) while holding the pH, the concentration,
and the growth time constant resulted in a blueshift of the
LSPW, indicated as light-blue and -red “¢” in Fig. 4b. This
trend could be explained by an inhomogeneous distribution of
the seeds after the injection of the seed solution, leading to
longer diffusion times and, thus, different reaction kinetics.
This might be important to consider for large-scale applications
of GNRs.

Fig. 5 shows the recorded UV/Vis/NIR spectra of the different
surfactant-capped GNRs with the respective dyes (IC, LMB, MB)
attached to their surface. CTAB-GNRs possess a bilayer of CTAB
around the surface of the GNRs consisting of a hydrophobic
(negative, carbon-tail) middle part and a hydrophilic (positive,
nitrogen-head) end (Fig. 2a), leading towards an overall positive
surface charge of the CTAB-GNRs. In comparison, PSS-GNRs
exhibit a delocalized negative surface charge due to the
benzene-n-system, making it easier to exchange the surfac-
tant from CTAB to Na-PSS and subsequently to Na-CIT, having
a negative surface charge, enabling the electrostatic attach-
ment of differently charged dyes to the surfactant-capped GNRs.
The negative IC binds with the CTAB-GNRs, whereas the neu-
trally charged LMB and the positively charged MB are attached

1 === CTAB-GNRs ===CTAB-GNRs + IC IC (100 uM)
Iblue-shiﬂ
0 5 11
. -\_/\ 11 1
S - ~— AA=21.0 nm
g 0k :
E 1 m===C|T-GNRs === CIT-GNRs + LMB LMB (100 pM)
; 0.5 ‘ red-shift
Qo YT 1 ]
< 2 A M=110mm
. 0L . M 2
% === C|T-GNRs === CIT-GNRs + MB MB (100 uM)
=z _red-shift
0.5} !
e AA=13.5nm
0

400 500 600 700 800 900
Wavelength / nm

1000

Fig. 5 Absorption spectra, showing the different surfactant-capped GNRs
and the dyes, highlighting the shift in the individual spectra occurring due
to the electrostatic interactions following the attachment of the dye to the
surfactant-capped GNRs.
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to the CIT-GNRs."® A clear shift of the LSPW (AZ) can be observed
in all the spectra (Fig. 5). This can be explained by the increased
area over which the electron cloud is delocalized due to the
attachment of the dye molecules. This increase in size leads to
a decrease in the restoring force of the plasmonic electron cloud,
which results in a redshift of the LSPR. This can be observed for
the CIT-GNRs with MB and LMB attached to their surfaces,
whereas the CTAB-GNR + IC follows an opposing trend (blueshift),
possibly due to electron excess of the GNRs, when bound to
CTAB.*

Fig. 3 shows the nano-XANES mapping of CTAB-stabilized
GNR oligomers with two different LSPRs. A 2D-XRF map was
acquired at every X-ray absorption spectroscopy (XAS) mono-
chromator position, yielding spatial resolution correlated to
electronic information for the Au Lz-absorption-edge domi-
nated by 2ps» — 5ds 3, dipole allowed transitions. For the
772 nm LSPR, the brightest pixel region corresponds to the
highest concentration of GNRs, giving a distinct 2D-XANES
spectrum (red trace). Similarly, the nanorods with a 706 nm
optical LSPR yield a 2D-XANES spectrum (blue trace) with an
edge energy that overlaps nearly precisely with the gold foil
standard (yellow trace). In contrast, a redshift of ~2 eV (green
box) is observed for GNRs with an optical LSPR of 772 nm. The
electronic energetic shift of 2 eV in the 2D-XANES edge corre-
lates to an observed optical shift of 66 nm, where additional
phaseshifts are also observed in the oscillatory features past the
white line energy (blue boxes). The magnitude of the LSPR
redshift that we observe is much greater than ~10 nm, sig-
nifying that the origin of this redshift is not due to subtle
corner rounding or narrowing alone, as can be seen in previous
studies on corner-sharpness-controlled gold nanoparticles.®”
We therefore attribute the redshift to changes in GNR aspect
ratio, electronic changes in the longitudinal LSPR mode, and
ligand-induced electronic restructuring. Further correlation to
structural and morphological information obtained by TEM
imaging shows that the redshift can be ascribed primarily to a
change in the oscillator strength of the longitudinal plasmon
resonance going from a nanorod of dimensions ~ 10 x 25 nm
(706 nm, blue) to a nanorod of dimensions ~20 x 60 nm
(772 nm, red) resulting in a size-dependent shift in the gold d-
band holes. This lowering in relative oscillator strength is also
correlated with out-of-phase XANES amplitudes occurring at
energies 11.935 keV and 11.930 keV, suggesting a shift in the 5d
valence electron distribution across coordination sites ranging
from Au® < Au~' due to the increased electron-donating
ability of the CH, and CH; groups of CTAB and a shift to more
acidic growth solutions as the LSPR redshifts.”® The synthesis
methodology included in this report uses the same chemical
and surfactants from a prepared stock solution under identical
conditions. Given the high fidelity of this one-pot synthesis
protocol, we can draw comparisons in the LSPR redshift in
the 772 nm and 706 nm GNR samples with only CTAB
functionalization.

Fig. 6 displays the FTIR and SERS optical vibrational spectro-
scopy results following gold nanorod surface stabilization with
CTAB and Na-CIT, after which the nanostructures underwent
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Fig. 6
molecules (IC, LMB, MB) electrostatically attached to their surfaces.

surface functionalization with blue dye adsorbates. In Fig. 6a,
the 2915.90 cm ' and 2849.01 cm ' modes correspond to a
symmetric and asymmetric stretching of the methyl and methy-
lene groups in the CTAB surfactant. Vibrational modes in
the mid-wavenumber region (1486.61 cm ', 1472.38 cm ',
1462.32 cm™ ', 1430.86 cm ™', 1407 cm ') correspond to asym-
metric and symmetric bending of C-H bonds of the H;C-N"
moiety. Notably, modes in the fingerprint region exhibit higher
peak amplitudes, suggesting a greater number of active sites
for adsorbate molecule attachment. The modes include C-H
bending motions that are typically not observed in pure CTAB
(1012.20 em™" and 981.29 ecm™ '), C-N* stretching motions
(959.59 cm ™), and rocking modes of the CH,-chain (938 cm™*
and 908 cm™'). Fig. 6b shows the FTIR-detected CIT-GNRs
following the surfactant exchange and surface stabilizing with
citrate ions. The most prominent modes can be assigned to
the symmetric C—=0 vibration (1584 cm™ ') and the antisym-
metric vibration of COO~ (1400.73 cm™'). Both modes are
shifted to higher relative wavenumbers (A% > 5 cm™") indi-
cative of surface interactions and monodentate or bidentate
binding to gold. High-wavenumber modes corresponding to
O-H stretches are also present (2359 cm™ "' and 2341 cm™ ")
where these are commonly seen in pure citrate but less often
observed in citrate-GNRs. Vibrational modes below 1100 cm ™"
correspond to symmetric and asymmetric stretches of C-O-C
bonds.>*~*°

SERS-detection of adsorbate molecules that are confined to
nanometer regions between GNRs through electrostatic inter-
actions are shown in Fig. 6c. IC displays prominent SERS
modes at 1633.64 cm ™' (C=0, C=C stretches with in-plane
C-H modes), 1622.96 cm™ ', 1574.67 cm ™' (C=C asymmetric
stretches in the pyrrolidone ring combined with C—=O stretch-
ing), 1296.83 cm ™' (symmetric stretches of the SO, group with
C-C bending and N;-C, stretching), 770.85 cm ™" (out-of-plane
bending in the C-C and C-H bonds combined with pyrrolidone
ring breathing), 676.01 cm™ " (out-of-plane N-H and C-C motion),
573.65 cm™ ' (C—=C—CO—C bending), 551.74 cm~ ' (C—=C—CO—C
stretches), and 270.40 cm ' (skeletal deformation modes

This journal is © the Owner Societies 2024

Raman Shift / cm*’

(a) and (b) FTIR spectra of CTAB-GNRs and CIT-GNRs. (c) SERS spectra of the different surfactant-capped GNRs (CTAB, CIT) with the dye

combined with Au—O vibrations). Of interest are the absence
of sulfonate modes with SERS transitions at 1360 cm™?,
1301 cm ™, 1141 cm ™', and 611 cm ™' which are suppressed
likely due to symmetric electrostatic interactions at both ends
of the anionic IC molecule with the cationic CTAB at the gold
nanorod surfaces.

MB displays normal vibrational modes at 1622 cm
1433 cm ™', and 1405.53 cm ™! that are consistent with unbound
surface-free molecules where structural motions correspond to
skeletal bending at the C—N stretch and C—N ring stretch
(1622.96 cm™"), asymmetric vibrations about the C—N stretch
(1433.11 cm’l), and stretching about the Co—Njo, C3—Ny,
C—N ring, and in-plane C—H bending motion (1405.53 cm ™).
These C—N based modes are also the most intense peaks in
the spectrum, which contrasts with previous studies of MB on
silver nanocaps. A pronounced relative decrease in mode
amplitude for the 400-1400 cm ' region was observed. The
relative peak amplitude changes can be ascribed to asym-
metric electrostatic interactions between one end of the
cationic MB molecule and the anionic citrate surface of the
GNRs. All other modes shift when MB is adsorbed to GNRs
with citrate surfactant functionalization. These shifts in SERS
transitions include the C—N stretching mode (1217.67 cm™ "),
CHj; rocking motion with in-plane C—H bending (1157.68 cm™ ),
C—H out-of-plane bending (1126.03 cm ™), in-plane bending of
C—H bonds (1041.88 cm™ '), and skeletal deformations at the
C—N-C moiety (479.28 cm ™). LMB was also used to functiona-
lize the surfaces of GNRs, which shared many overlapping
modes with MB. One of the more intense bands in LMB is
centered at 1371 cm ™' corresponding to the C=C ring stretch,
less prevalent in our GNRs system. According to the SERS
spectra, both LMB and MB share similar peak intensities,
suggesting similar binding or attachment configurations to
the GNRs. This observation of varied absorption dynamics is
further supported by similar peak intensity shifts of the LSPR
where the IC molecule induces the most pronounced shift
followed by smaller effects in the MB and LMB surface attach-
ment varieties.”*”7®
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4. Conclusions

We report a precision pH-directed synthesis of GNRs functio-
nalized with cationic CTAB surfactants with optical LSPR
tunability of the longitudinal resonance throughout the near-
infrared. Surfactant exchange using Na-PSS leads to a deloca-
lized negative charge, allowing for the final attachment of
Na-CIT, forming anionic surface charges. The tunable GNRs are
probed by a nano-XANES technique that confers simultaneous
high spatial and high electronic resolution to elucidate phase
shifts due to d-band vacancies. Notably, a redshift in optical LSPR
properties was observed to correlate with a redshift in the Au
L;-edge due to the electron donating properties of the surfactant,
which changes as the LSPW shifts. We also report a controlled
adsorbate functionalization of the GNRs through electrostatic
interactions between cationic-anionic species with the analyte
molecules MB, IC, and LMB. The characterized electrostatic
surface interactions and their tunability can confer significant
advantages for applications that demand preferential binding
to plasmonic nanostructures. In this way, we have demon-
strated the precision synthesis of nanostructures with a high
degree of uniformity, shape, and size with wide-ranging and
essential applications to photonics, single molecule conduc-
tors, photodynamic therapy, and bioelectronics.
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