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Tweaking Anisotropic Gold Nanostars: Covariant control of Polymer-
solvent mixture complex
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Binary solvent mixture (N,N-Dimethylformamide (DMF):Propanol in the present case)
solely has been employed for the first time in a simple yet versatile approach for the in
situ intuitive and highly tweaked formation of the complex anisotropic gold
nanostructures. In this novel approach, the uncommon usage of the polar/non-polar
binary solvent mixture provides extra degrees of freedom in tailoring the intrinsic
solution properties via simultaneously modified dipole-dipole/H-bonding interaction with
the universally soluble amphiphilic polymer PVP, as carefully monitored through NMR,
which further establishes a rational paradigm in better understanding the kinetic control
over both nucleation as well as size/shape transition/evolution of reproducible anisotropic
Au nanostructure morphology, as consistently revealed/correlated through optical
absorption and TEM measurements respectively. Such kind of unusual size/shape
transformation strategy of gold nanostructures yielding precise tuning of their respective
plasmonic characteristics over the entire visible/NIR spectral range, significantly enables
them to serve as excellent candidates/substrates for tunable surface enhanced Raman
spectroscopy (SERS), the preliminary measurements of which are systematically

1lustrated.
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Introduction

Owing to the highly specific size/shape dependent physico-chemical properties of metal
nanoparticles (NPs) such as their localized surface plasmon resonance (SPR) or high
catalytic activity,'” relentless extra care needs to be taken in stabilizing/tweaking the
aesthetics of the asymmetric metal NPs with complex morphologies (such as polyhedra,

multipods, star/flower etc.).*"’

Till now, vast number of literature reports are available on
the tweaking/shaping of controlled gold nanostructures (with/without seed mediation)
utilizing routinely a variety of surfactants/polymers like CTAB/PVP/ 2-[4-(2-
hydroxyethyl)-1-piperazinylethane-sulfonic =~ acid = (HEPES) etc., as  shape

directing/stabilizing agents.®'! 1317 20

In some selective reports, alternative approaches,
such as the gradual size tuning of the citrate reduced Au nanospheres via change in CI’
ion concentration in solution,”' or synthesis of multiple shaped Au by different dendritic
peptides,” or precise control of size and nanostructuration of multi-branched of Au NPs

by changing the HEPES concentration,”*?

and very recently tuning the plasmonic
response of Au nanostar arrays from visible to near infrared by electron beam
lithography,** have also been demonstrated. Understanding the morphological transition
mechanism in noble metal NPs becomes an inevitable tool for not only engineering their
plasmonic response from visible to far IR region of the EM spectrum,”® but also for
extending their application potentials from plasmonics to nanophotonics to biosensing
and SERS etc.'”

So far, most of the successful colloidal synthetic procedures for the production of

monodisperse/uniform colloidal gold nanoparticles utilize aqueous medium but synthetic

schemes in organic media have also been reported recently.'”"® Among which DMF, a
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well known polar aprotic organic solvent for its high synthetic value, good chemical and
thermal stability (even at its boiling point, 153.8°C) has been widely chosen for the
preparation of anisotropic gold nanostructures with a variety of geometrical shapes.'®'**"
3% In conjunction with PVP, the high polar DMF solvent has been successfully utilized in
tweaking/morphological transition the size/shape of complex 3D gold nanostars in a
controlled manner using the well known seed mediated synthesis by varying

size/concentration of the seed particle in the growth solution,*' ™

which induces changes
in the core size, the number, length and broadening of the branches. These gold
nanostructures extend their plasmonic response well towards the near IR region due to
the presence of sharp edges/tips, where strong localization of electromagnetic field exists,
suggesting strong application potentials in the field of nanoantennas and

nanophotonics.”>*

The nanoscale control of surface roughness/branching, ranging from
planar anisotropic to complex elongated spikes, allows precise tuning of the nanoparticle
optical properties with a high level of accuracy. Such anisotropic nanostructures were
demonstrated to be excellent candidates for SERS applications.*’

In our previous reports, we have already discussed in detail that increasing the pH of the
reaction mixture conveniently results in fine tuning of the plasmon band as well as the
morphology of gold nanostars in a single step synthetic protocol.28 Furthermore, the
solvent interaction with PVP, which has been reiterated as a crucial factor,17 wherein we
illustrate that the solvent-solute interaction dominates the nucleation regime in precise
and additionally plays a significant role in the polymer chemisorption onto the surface of

the metal nanoparticles directing/shaping them to anisotropically grow with different

intriguing size/shapes.
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Convinced by the fact that the conformational changes of PVP in different solvents lead
to different size/shaped Au nanostructures'’ and in terms of simplifying the two-step seed
mediated synthesis procedures for tuning the metal nanostructure morphology,’' % *°
herein, we utilized a novel versatile single step synthesis protocol, involving the use of
binary solvent mixture, such as DMF:2-propanol, for the first time to the best of our
knowledge, resulting in the sequential tuning of gold nanostars, in sharp contrast with the
formation of regular structures such as the nanocubes’' and nanowires*? as reported
earlier. The good donor/acceptor properties of DMF enable it to dissolve a wide range of
polar/non-polar solvents and its physico-chemical properties were studied in detail in
conjunction with various solvents like water, alcohol etc., where the nature of molecular
interaction between DMF and other solvents were carefully discussed in detail.****” The
introduction of 2-propanol into DMF changes its H-bonding tendency as well as the
dipole-dipole interaction, which plays a crucial role in governing the conformational
changes of PVP, thus determining its reducing ability, thereby providing the necessary
extra degrees of freedom for the controlled tuning of the plasmonic response of gold
nanostars in a sequential manner from visible to the near IR region and can be used for
specific applications such as the surface enhancement Raman scattering (SERS).
Materials and Methods

In a typical synthesis, 24 pl aqueous solution of Hydrochloroauric acid (HAuCls.3H,O0,
Aldrich) of concentration 0.17 M was mixed homogenously with 10 mM
Polyvinylpyrrolidone (PVP average MW=10000, Aldrich) solution in 15 ml
Dimethylformamide (DMF, Merck) and continuously stirred respectively in order to

obtain gold nanostars in seedless colloidal synthesis procedure. Further detailed
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synthesis procedure and mechanism of the formation of gold nanostars is discussed in our
previous work,'® except that in the present work, the influence of 2-propanol is studied by
adding it into DMF in different molar ratio before the addition of PVP and metal
precursor. The molar ratio of PVP to metal ions (calculated in terms of polymer
repeating unit or monomer chain length) is kept at ~3250 in all our experimental
conditions. Change in color of solutions indicate the formation of gold nanostructures.
All experiments and the various sample preparation procedures were carried out at room
temperature, unless otherwise mentioned. Henceforth, 2-propanol will be referred as
propanol.

Optical absorption measurements were recorded in all our as-prepared nanoparticle
solution samples in the wavelength range of 200-1100 nm using Thermo Scientific
absorption spectrophotometer. The *C NMR spectra were recorded on Bruker Avance-
400 spectrometer using TMS as internal standard and CDCIl; as a NMR solvent (chemical
shifts in ppm). TEM samples were prepared by drying the five-fold centrifuged samples
in ethanol at around 4500 rpm (to remove excess PVP) on carbon formvar coated copper
grids and the images were acquired using FEI-Technai G? system operated at an
accelerating voltage of 300 kV. The surface enhanced Raman scattering (SERS) spectra
were obtained using a Renishaw inVia Raman Spectrometer with 785 nm He-Ne laser
source. Samples for SERS were prepared by five-fold centrifuged Au nanoparticles
dispersed in chloroform which were spread to form a monolayer at the air-water interface
and is lifted onto the silicon substrates followed by the drop-cast deposition of the 10° M
of the dye molecule, crystal violet. The SERS spectra were obtained for two different

position of each of the samples and plotted on average.
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Results and Discussion

Figure 1 shows the >C NMR spectra of DMF and propanol at different mole fraction
(MF) of DMF with respect to propanol concentration. At high MF of DMF ie., at low
concentration of propanol in DMF, the "*C carbonyl chemical shift of DMF increases
slightly (see figure 1 for peak values) signifying the changes occurring in the self-
association equilibria of DMF, which are evidently due to the change in dipole-dipole
interaction along with the formation of hydrogen bonds, O—H (of propanol)...N(CHs), or
O=CN of DMF along with H-bonding between H-O of propanol and the formyl proton of
DMEF as schematically shown in the scheme 1. With further decrease in the MF of DMF,
the '*C carbonyl chemical shift of DMF increases more rapidly (see figure 1 for peak
values), demonstrating the fact that DMF-propanol hydrogen bonding increases with
increasing alcohol content, and DMF is surrounded by more and more propanol
molecules, similar to the case of DMF in methanol,* thereby visualizing propanol as a
watermelon in which the DMF molecules act as seeds. The observed results indicate the
existence of intermolecular association between O-H group of alcohol and C=O group of
DMF along with DMF-DMF and alcohol-alcohol interactions as reported earlier as
well."

Moreover, the interaction between PVP-DMF and PVP-propanol systems were
individually discussed in detail in our previous work,'” which talks about the dominant
dipole-dipole interaction in PVP-DMF system as well as the hydrophobic interaction
between PVP and propanol. In the present case, PVP addition to the DMF/propanol
composition (for different MF) results in the slow but steady re-organization of the

polymer network, as systematically depicted in the scheme 2 in accordance with the '*C
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NMR studies (figure 2). A slight but sure downfield of the carbonyl peak (C=O peak
around 175 ppm) * of PVP with decrease in MF of DMF (see figure 2 for peak values)
signifies the weakening of H-bonding between DMF and propanol along with the
appraisal of hydrophobic interaction between propanol and long chain of PVP molecules
through hydrogen bond formation between nitrogen of PVP and HO-C of propanol as
portrayed in scheme 2. The slight up-field chemical shift in the DMF carbonyl peak and
the corresponding downfield shift in the C-OH bond of propanol (with increase in
propanol volume) in the DMF-propanol-PVP system in comparison to DMF-propanol,
exemplifies the loosening of DMF-PVP bonding in conjunction with increasing PVP-
propanol H-bonding interaction with ostensibly augmenting the incremental increase in
the hydrophobic interaction assimilated through the long polymer chain structure and the
relatively smaller alcohol group and is maximum for pure PVP-propanol system.

In contrast, when HAuCly is added to this PVP-binary solvent mixture, instantaneous
solvation as well as the dynamically unstable PVP-AuCls” complexation effectively takes
place owing to the presence of lone pair of electrons in the oxygen as well as nitrogen
atoms of the entangled PVP network, sequentially disproportionating itself to form Au’
species in the absence of any other external reducing agent or energy resources. These
in-situ formed tiny gold seed particles then compete with the polymer, PVP (the affinity
of which decreases starting from DMF to propanol in the whole composition range used
in the present case), thereby desolvating the surrounding DMF molecules in addition to
weakening the PVP-propanol hydrogen bonding (as shown from the Au nanoparticles
NMR, upfield chemical shifts of PVP, DMF and propanol carbonyl peaks in figure 3) in

comparison to PVP-DMF-propanol mixture shown in figure 2. On the contrary, upon
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addition of gold precursor to the PVP-propanol system, the observed slight downfield
chemical shift of the PVP carbonyl peak (with respect to PVP-propanol, see figures 2 and
3) has been attributed to the fact that the hydrogen bonding between PVP and propanol
remains almost intact and further dominated by strong hydrophobic interactions. This
kind of composite reduction along with steric stabilization of PVP on the gold seed
particles in the binary solvent system exclusively result in the steady/stable anisotropic
nanoparticle growth, which has not been possible with any other conventional colloidal
growth techniques.

Thus, the relevant stabilization of the as-prepared gold nanoparticle morphology has been
coherently discussed utilizing transmission electron microscopy (TEM) in the light of
distinct molecular interaction existing between DMF-propanol-PVP mixtures as
discussed above.

In comparison with the gold nanostars synthesized in pure DMF, where the tips/spikes
are longer and sharper, the sequential addition of propanol to DMF (decrease in MF of
DMF) brought sequential changes in the sharpness, length and size of the tips/spikes as
demonstrated clearly in figure 4. The proposed aperture angle o increases sequentially,
signifying the size/shape poly-dispersion as well as the explicit broadening of tips/spike
like features at the expense of their number density along with decrease in the overall size
of the as-formed gold nanostructures, as clearly seen from the high magnification TEM
images in figure 5b; further measurements under different TEM tilt angles would be of
great interest in eliminating the so-called projection effect and for necessary

quantification of the obtained data.
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Such visible structural changes in the morphology of the gold nanoparticles can be easily
justified in terms of the chronological changes in the optical response as seen through
UV-Vis spectroscopy. Thus, simple addition of an external alcohol like propanol into
DMF itself sequentially tweaks the longitudinal localized surface plasmon resonance
(LSPR) peaks from 910nm (1.35¢V, for pristine Au nanostars) to 650nm (1.87¢V) in a
precisely reproducible manner, as shown in figure 5a. Although the gold nanoparticle
morphology tweaking have been successfully carried out by various research groups

worldwide through complicated multi-step synthetic process,’' >> *°

our present colloidal
solution synthesis stands apart among others for its inherent simplicity and ease for its
reproducible quality as well as quantity.

For higher propanol concentration, gold seed particles are nucleated at a faster rate
resulting in the blue shifting of LSPR with decrease in overall size of the as-formed gold
nanostructures.

It is well known that the plasmon resonance of gold nanostars result from the
hybridization of core and tip mode plasmons or from the near base region of the tip

also.>> %

Based upon this fact, we analyzed the extinction spectra of the different gold
nanostructures obtained by using various DMF-propanol ratio, utilizing the standard
Gaussian multi-peak fitting procedure as illustrated in figure 5S¢ with dashed lines (fitting
the optical spectra results in slight increase in intensity of longitudinal plasmon peak).
The main assessment inferred from here is that the intensity of the transverse LSPR mode
(corresponding to the central core) steadily grows at the expense of blue shifted

longitudinal LSPR mode (related to the tips), in direct correlation with the observed

HRTEM images (shown in figure 5b), strongly corroborating the fact that with increasing
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propanol concentration, the tip/spike like gold nanostructures cease to grow in length,
rather expands in width, customarily reducing their overall size/number. Besides, the
anti-bonding plasmon mode (occurring at 800 nm in the deconvoluted optical spectra of
as prepared gold nanostars) starts blue shifting with reduction in peak intensity (see
Figure 5c, where the defect free single nanoparticle morphology is shown), until the MF
of DMF reaches to 50, emphasizing the weakened coupling strength between the core and
the tip mode plasmons, which further correlates well with the broadening as well as
decrease in the overall number of tips in a single nanoparticle. But, as the MF of DMF
decreases below 50, the significant anti-bonding plasmon mode appears again, depicting
visually the change in the shape of the absorption spectra itself, preferably due to the
inheritance of the crystal lattice defects in the nanoparticle morphology with reference to
the dynamical changes in the applied synthetic procedure (see figure 5b and 5c¢).

Thus, the present results are in complete contrast with our earlier work involving the
addition of NaOH into the DMF-PVP mixture,” which had a high impact on the reaction
kinetics due to the significant oxidation of chemical inserted -OH species in between or
end of the PVP polymer chain, thereby fastening the nucleation of seed particles,
eventually ripening them in the form of planar elongated or spheroidal gold
nanostructures; whereas mixing of DMF with an alcohol not only induces changes in the
dipolar interactions within DMF, but also disrupts either partially or completely the self
association of propanol, thereby allowing the essential formation of H-bonds between
alcohol and the DMF. These miscible weak interactions further articulate the
hydrophobic/hydrophilic end chain imbalance in PVP conformation, thus leading to the

smoothening of the nucleation of seed particles, which invariably results in the congruent

10
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size/shape tuning of the gold nanostars, as collectively summarized in the scheme 3:
DMF interacts with propanol by virtue of its better hydrogen bond acceptor ability
resulting in both structural as well as packing effects.

Yet, both the above mentioned synthetic protocols result in tweaking the plasmonic
response (blue shifting of LSPR) which is in good correlation with their morphology but
their driving forces are poles apart. In the present case of binary solvent mixture, the
reaction is not dominated by kinetic parameter, easing the plausible formation of planar
elognated/spheriodal gold nanostructures; while it is strongly favorable using NaOH at
higher concentration (as this reaction is governed by kinetic parameter).

In tune with the literature reports supporting the fact that metal colloidal nanoparticles

were able to enhance the SERS to a very large extent,

we have carefully
analyzed the SERS data (figure 6) using the analyte, crystal violet (CV, at a concentration
of 10 M) coated on the monolayer surface of our as-prepared gold nanostructures. The

3733 are tabulated with reference

various enhanced Raman peaks of the dye molecule CV,
to their molecular origin as shown in appendix table Al.
The corresponding Raman signals of CV were greatly enhanced because lower
concentrations (say, 10° M) of CV could not be detected without the assistance of a
proper plasmonic substrate and enhancement factor (EF) is calculated for different
samples obtained at different mole fraction of DMF (see table 1). Detailed discussion for
determining the SERS EF is given in the supplementary section based upon the work of

Stefania Mura et.al.”* Assuming that all the CV molecules contribute equally, it has been

demonstrated that the maximum SERS enhanced signal is obtained for pristine gold

11
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nanostars (table 1), which first decreases (until the MF (DMF) = 33) and eventually starts
increasing with higher propanol volume (table 1).

The strong enhancements observed for the central carbon atom, nitrogen atoms and =
electrons in the phenyl ring of the dye molecule, crystal violet, suggest strong substrate-
analyte interaction, which intrinsically depends upon two major factors: one is the surface
roughness of the nanoparticles and the other is the inter-plasmon coupling-junction
between two nanoparticles. Hence, in the case of pristine gold nanostars, the EM field is
maximum because of its inherent surface roughness, whereas in the case pure propanol,
the smaller particle size/higher surface area results in the formation of increased number
of possible "hot-spots" (see figure Al). Consequently, we firmly believe that the
precisely controlled nanoparticle morphology along with their structurally modified
rearrangement on a substrate entrusts the responsibility of maximizing the SERS signals
to large possible extent. Further work is in progress in our research group to
quantitatively identify the specific role of the plasmonic substrate as well as the analyte in
the SERS enhancement in terms of excitation wavelength, different
analytes/concentration etc.

Conclusions

We have utilized a versatile room temperature colloidal synthesis protocol for not only
the size/shape controlled anisotropic gold nanostructures, but also for precisely
engineering their plasmonic response over the entire visible/NIR spectral range based on
the fine tuning strategy of metal nanocrystals, which has not been possible with
conventional  nanocrystal growth methods or realized wusing existing

patterning/lithographic techniques with such ease. Careful selection of the binary solvent

12
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mixture along with the modified molecular characteristics of PVP establishes a rational

paradigm in better understanding the size/shape evolution of reproducible Au

nanostructure morphology, as consistently revealed through optical absorption and TEM

respectively. The preliminary SERS measurements on the plasmonic substrates prepared

using the air-water interfacial monolayer of the as-prepared PVP-coated Au

nanostructures were systematically illustrated using the representative analyte, crystal

violet.
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Fig 1: ""C NMR spectra of DMF and DMF-propanol mixture in selective range at

different MF of DMF as shown.
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Scheme 1: H bonding between DMF and propanol
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Fig 2: C NMR spectra of PVP and PVP-DMF-propanol mixture in selective range at

different MF of DMF.
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Scheme 2: Interaction of PVP added to DMF-Propanol mixture.
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Fig 3: ’C NMR spectra of PVP and Au nanoparticles in different range obtained at

different MF of DMF.
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Fig 4. Morphology assessment with reference to the mean aperture angle of the as-
formed anisotropic gold nanostructures with respect to increasing propanol addition in

DMF (at different MF (DMF) via TEM images (scale bar =100nm).
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Fig 5: (a) UV-Visible absorption spectra illustrating the fine tweaking of the plasmonic
signatures (from 930 nm to 650 nm) of the as-formed Au nanostructures (as shown in (b),
scale bar 20 nm) with respect to different mole fraction of DMF. (c¢) Deconvolution of

the individual plasmonic peaks correlates very well with the size/shape of the respective

Au nanostructures, as discussed in detail in the text.
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Scheme 3: Sequential size/shape tweaking of the gold nanostars with reference to

systematic changes in the molecular interactions of PVP with the reaction mixture.
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Fig 6: SERS Raman spectra of 10° M Crystal Violet without and with Au nanostructures

obtained at different MF (DMF). TEM image scale bar is 20 nm
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Table 1: showing the SERS enhancement factor calculated for different mole fraction of

DMF which signifies the important of different size/shape of metal nanostructures.

DMF (MF) Enhancement
factor (EF)
100 1.90x10*
95 0.60x104
66 0.34x104
50 0.43x104
33 0.31x104
17 0.50x104
00 1.20x10¢
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