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ABSTRACT: The zwitterion, N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES), facilitates the formation
and stability of gold nanostars; however, little is known about
how this molecule interacts with the metal postsynthesis.
Herein, restructuring of gold nanostar morphology is induced
upon acidification, an effect that depends on both pH and acid
composition as well as on the protonation state of HEPES.
Changes in molecular protonation are measured using zeta
potential and modeled using DFT. The surface-sensitive
technique, surface-enhanced Raman scattering (SERS),
reveals that pH variations induce reversible activation of the
amine and sulfonate groups in HEPES and that electron
redistribution weakens its affinity to the metal thus promoting
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the adsorption and SERS detection of benzene. By selecting a molecule that does not induce significant desorption of the
stabilizing agent, binding energies of benzene to gold are measured even though only weak London dispersion and 7—7x
interactions promote adsorption. All in all, this molecular-level insight is expected to facilitate new applications of these

nanostructures in ways that have not been possible to date.

B INTRODUCTION

Metallic nanostructures such as gold nanostars (also known as
tetrapods, urchins, spiky nanostructures, nanobranches, etc.),
nanotriangles,’ nanobipyramids,” and nanocubes"’ exhibit
large electric fields at their positive and negative curvature
sites compared to neutral curvature features and structures,’
thus facilitating their successful use in sensing* and imaging’
applications. A common approach for synthesizing gold
nanostars is a seedless and surfactant-less procedure that uses
Good’s buffers including HEPES,*” EPPS,*® and MOPS.'°
These reagents act as metal reducing, shape-directing, and
stabilizing agents and can result in nanostars with varying sizes
and structures'' that depend on buffer concentration'’ and
solution pH.'’ Previous studies primarily focused on
manipulating synthetic conditions and tuning plasmon
resonances of gold nanostars'> while applications have been
largely limited to self-assembled monolayer functionalized
nanostructures.”"?

In general, surface chemistry,14 composition, and
dimensionality'® govern nanoparticle properties and function
during subsequent use.'”'” Surface stabilizing agents such as
citrate on spheres,'”'® CTAB on rods,'” ' and zwitterions
such as HEPES or EPPS on stars™ provide either sufficient
electrostatic and/or elastic interfacial energy barriers thus
decreasing the likelihood of particle agglomeration and/or
aggregation in solution.”> These reagents, however, also
prohibit small molecule adsorption for surface-sensitive
techniques such as surface-enhanced Raman scattering
(SERS). CTAB, for instance, facilitates the formation of gold
nanorods yet does not readily desorb even upon washing,"”
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This is an unsolved problem with many bottom-up
synthesized plasmonic nanostructures.’ As a result, detection
of nonthiolated molecules'®** using SERS is limited to
synthetic modification involving nanoparticle functionaliza-
tion>>?¢ and/or molecular derivatization®® so that their low
binding affinities to the metal can be overcome. This approach
often increases the distance between the metal and vibrational
chromophore, thus decreasing the observed SERS intensities.
Despite this, several studies””*" indicate that stabilizing agent
disruption and surface cleaning for activation™” are possible.
For instance, ClI~ and Br~ can clean surfaces because of their
relatively high (16 kcal/mol) binding affinities for coinage
metals."**" While halides can activate a metal for successful
SERS detection of molecules such as rhodamine 6G,"®*’ these
also increase ionic strength, thus decreasing electrostatic
interfacial energies between particles and increasin§ the
probability of nanoparticle aggregation upon collision.””*" In
addition, these ions can induce etching and/or restructuring
via metal—Cl bond formation.”> While gold nanostars exhibit
many desirable features for enhanced spectroscopies because
of their inherent morphology, many applications of Good’s
buffer-reduced gold nanostars are limited to thiolated molecule
functionalization."> One study revealed that HEPES blocks the
metal by forming a bilayer through sulfonate anchoring and
hydrogen bonded hydroxyl terminal groups.”” This surface
chemistry structure was stable at HEPES concentrations
exceeding 100 mM but underwent collapse upon dilution.>
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Herein, the functional groups in HEPES that bind to gold
nanostars upon washing in acidic media are evaluated
experimentally using localized surface plasmon resonance
(LSPR) spectroscopy, SERS, and zeta potential measurements
as well as computationally using DFT calculations. This study
reveals that the less acidic nitrogen atom, with a solution-phase
pK, of 7.55 in the piperazine ring, participates in both HEPES
stabilization of gold nanostars and reversible surface activation
of the metal surface as indicated by SERS detection of
benzene, a nonthiolated molecule that interacts with gold
through London dispersion forces. This occurs without
plasmonic destabilization of the nanostars. This mechanism
is confirmed via zeta potential measurements that indicate that
the surface pK, of the aforementioned amine group is
depressed by ~4 pH units near gold. This molecular-level
insight into how pH impacts the electronic structure of HEPES
on gold nanostars is an important step forward for applications
that involve these nanoparticles and represents the first
example of directly detecting a nonthiolated molecule using
these materials while also revealing details regarding surface
chemistry on the nanomaterials.

B EXPERIMENTAL METHODS

Chemical Reagents. Gold(IIl) chloride trihydrate (HAuCl,
3H,0), HEPES, and benzene were purchased from Sigma-Aldrich.
Sodium hydroxide (NaOH), nitric acid (HNO;), and ethanol were
purchased from Fisher Scientific. Ultrapure water (18.2 MQ cm™!)
was obtained from a Barnstead Nanopure System (Dubuque, IA) and
used throughout this study. All glassware was cleaned in a 3:1 HCl/
HNO; solution and rinsed with water before drying in the oven.

Gold Nanostar Synthesis and Characterization. Gold nano-
stars were synthesized according to a slightly modified literature
protocol.>* Briefly, the pH of a 40 mM HEPES stock solution was
adjusted to 7.48 (£0.01) using 1 M NaOH. Next, 200 uL of a 20 mM
AuCl, aqueous solution was added to 20 mL of the HEPES stock
solution and gently agitated for 10 s to ensure homogeneous mixing.
The solution was placed in the dark at 21 °C for 1 h to promote
nanostar growth. Gold nanostar solutions were centrifuged (30 min,
2400 X g), redispersed in 20 mM and then 10 mM HEPES, and
stored at 4 °C until use. The linear refractive index sensitivity of the
gold nanostars was determined by systematically varying the bulk
refractive index of the solution using 0—80% (w/v) sucrose.”*’

Gold nanostars were characterized using transmission electron
microscopy (TEM, JEOL-1230 equipped with a Gatan CCD camera).
Samples were prepared by diluting the nanoparticle solution in
ethanol in a 1:1 ratio, which was pipetted onto 400 mesh copper grids
coated with a thin film of Formvar and carbon (Ted Pella). TEM
images were analyzed (Image Pro Analyzer) to estimate the average
dimensionality, where N = the total number of measurements
analyzed, and the averages (+standard deviation) of these are
reported.

Sample Preparation. Before use, gold nanostars were washed as
previously described and resuspended in water to disrupt the HEPES
bilayer structure (vide infra). Next, ~30 uL of an 18 nM nanostar
solution was dispersed in 450 uL of HCl, HNO;, KCl, KNO;, or
H,S0, solution (final concentration of 1 mM for all except 0.5 mM
H,S0,) so that the final gold nanostar concentration was 1.1 nM. The
nanostar concentration was estimated using a previously determined
extinction coefficient (¢ = 0.89 nM™' cm™).” To modulate the
protonation state of HEPES, ~30 uL of a 24 nM gold nanostar
solution was added to 450 uL of water (pH 2.8—7.0, adjusted using
HNO; unless noted). HNO; was used during nanostar pretreatment
to minimize gold nanostar restructuring and the resulting plasmonic
changes. During pretreatment, LSPR spectra were collected, and a
maximum S5 nm blue-shift in the A, was tolerated so that SERS
spectral changes could be positively attributed to local surface
chemistry changes and not plasmonic variations. After 10 min of

4035

equilibration, 20 uL of a 250 mM benzene stock solution (50%
ethanol in water, v/v) was added to the gold nanostar solution so that
the final benzene and nanostar concentrations were 10 mM and 1.5
nM, respectively. A similar approach was used in benzene isotherm
studies in which gold nanostars with a final concentration of 1.5 nM
were pretreated at pH 3 for 10 min before benzene was added (final
benzene concentration = 200—7500 uM). Prior to spectroscopic
analysis, solutions were vortexed for 10 s. All measurement times were
adjusted for lag times in experimental setup.

Normal Raman, SERS, and Extinction Spectroscopies.
Normal Raman spectra were collected of 1 M HEPES (pH 7) and
neat benzene using a semihomebuilt Raman microscope (ExamineR
78S, DeltaNu, Integrated Photonic Solutions 785 nm fiber optically
coupled laser). An excitation wavelength (4,) of 785 nm, power (P)
= 28—58 mW, and integration time (t;) of S (Raman) or 25 s
(SERS) were used. LSPR spectra were collected using an ultraviolet—
visible (UV—vis) spectrometer (i-trometer, B&W Tek). LSPR spectra
(integration time = 1S5 ms, average = 36) were used to track gold
nanostar morphology and stability through changes in the extinction
maximum wavelength (4,,,,), which was estimated from zero points of
the first derivative. Deconvolution of overlapping vibrational features
was performed by calculating second derivative spectra. Vibrational
frequencies at significant features (signal-to-noise ratio greater than 3
and full width at half maxima greater than 10 cm™') were then
analyzed using Gaussian functions. All measurements were performed
in triplicate unless otherwise noted.

Zeta Potential Measurements. Gold nanostar surface potential
was quantified using their electrophoretic mobility collected at 25 °C
using a Malvern Zetasizer (Worcestershire, UK). Samples were
prepared by incubating 0.4 nM gold nanostars in water (pH from
2.5—7.0) for 10 min as longer incubation times yielded no statistical
differences. Zeta potential was calculated using Henry’s equation,
measured mobilities, and ionic strengths.36 Error bars represent the
standard deviation of three replicate measurements.

DFT Calculations. Electrostatic potential energy was calculated
for HEPES in water to determine how electron distribution
throughout the molecule changed upon (de)protonation. To do
this, energy was minimized using the molecular mechanics model
Merck molecular force field (Spartan 16, Version 2.0.7) and then was
subsequently followed by density functional theory (DFT) with a
basis set of B3LYP/6-31G*. This higher level of theory allowed for
accurate modeling of molecular electrostatic potentials.””*® Perform-
ing calculations in series ensured successful convergence (i.e., energy
minimization of optimized geometries) of the calculations. Equili-
brium configurations for both deprotonated and protonated HEPES
were determined by performing initial energy minimization
calculations in Spartan so that structures with the lowest mechanics
energies were used as inputs in DFT calculations. Multiple initial
configurations were considered by systematically varying atom
orientations and distances.” Molecular protonation was held constant
for a given calculation to simulate experimental conditions. As such,
water, which was the experimentally used solvent, was simulated usin%
the SM8 quantum mechanical aqueous continuum solvation model.*
Electrostatic potential maps were generated in Spartan by first
establishing a point charge in electron-rich and electron-poor regions
of a molecule. Potential energies with respect to these points were
then calculated.’ Red and blue areas in these maps, as a result,
represent relative high and low electron densities, respectively.*”

B RESULTS AND DISCUSSION

Impact of Acid Composition on Gold Nanostar
Structure and Plasmonic Properties. Gold nanostars
synthesized using bottom-up methods exhibit tunable optical
properties that depend on morphology,” dielectric environ-
ment,** and stability.”® Surface chemistry influences all of these
properties. Previously, it was shown that the tips of
unfunctionalized gold nanostars underwent blunting over the
course of 30 days”’ or upon incubation in some acidic
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media. For instance, chloroauric acid*® and Au®* ions
induced etching at regions of high surface energy sites
(vertices, edges), thus resulting in spherical nanostructures.
In addition, halides serve an important role in the formation of
branched nanoparticles as the optical properties and
morphology can be tuned by taking advantage of Au—halide
chemical affinities.*” For example, the presence of iodide was
shown to inhibit gold nanostar*® and nanorod*” growth.
Here, we evaluate how acid composition influences the
surface chemistry of gold nanostars through changes in LSPR
spectra and morphology. To begin, a representative LSPR
spectrum of gold nanostars synthesized using 40 mM HEPES
at pH 7.48 is shown in Figure 1A-1. Two plasmonic features
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Figure 1. Plasmonic and structural properties of gold nanostars. (A)
Representative LSPR spectra of 1.1 nM gold nanostars incubated in 1
mM HNO,; for (1) 0, (2) 0.5, (3) 1, (4), 2.5, (5) 3.5, (6) S, and (7)
20 h. Spectra are arbitrarily offset for clarity. TEM images of nanostars
incubated in pH (B) 7 and (C) 3 aqueous solutions for 24 h. (D)
Evaluation of nanoparticle dimensions at pH 7 include the (B-1)
ferret radius (22.9 = 3.6 nm, N = 10S), (B-2) branch length (14.0 +
2.5 nm, N = 51), (B-3) radius of curvature of the tips (3.43 + 0.44
nm, N = 148), and (B-4) core radius (8.1 + 1.1 nm, N = 102), and at
pH 3 after 24 h (C-1) average radius (13.2 + 2.3 nm, N = 173) where
N = number of measurements. (E) Evaluation of A4, for nanostars
incubated in (a) 1 mM KNO;, (b) 1 mM KC, (¢) 1 mM HNO;, (d)
0.5 mM H,SO,, and (e) 1 mM HCI as a function of time. A,
represents a change from .

that are centered at 518 and 678 nm represent hybridized
resonances associated with the nanostar core and branches,"’
respectively. TEM images (Figure 1B) confirm a morphology
that is consistent with these assignments. Namely, the (Figure
1D,B-1) tip-to-tip (ferret) nanostar radius (22.9 + 3.6 nm, N =
105), (Figure 1D,B-2) branch length (14.0 + 2.5 nm, N = 51),
and (Figure 1D,B-3) radius of curvature of the tips (3.43 +
0.44 nm, N = 148) (Figure 1D) are observed. Upon incubation
in a pH 3 solution prepared using HNO;, the low energy
feature blue-shifts and decreases in magnitude while the other
teature red-shifts slightly and increases in magnitude as shown
in Figure 1A-2—7. After 20+ hours, only one spectral feature
centered at 524 nm is observed, which indicates the formation
of spherical nanostructures. This is confirmed using TEM as
shown in Figure 1C. Of note, the average core radius of the
original nanostars increases from (B-4) 8.1 + 1.1 nm to (C-1)
13.2 + 2.3 nm after acid treatment (Figure 1D). This suggests
that HNO; induces metal ion mi%ration similar to previously
reported halide-induced etching.”> Because no halides or
apparent etching reagent is present, we hypothesize that
nanostar restructuring likely arises from proton-induced
disruption of the stabilizing agent HEPES.
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To evaluate this behavior, time-dependent LSPR spectra of
1.1 nM gold nanostars suspended in water are collected for 1 h
after incubation in 1 mM KNO;, 1 mM KC], 1 mM HNO;, 0.5
mM H,SO, or 1 mM HCIl (pH = 3). These results are
summarized in Figure 1E-a,E-b,E-c,E-d,E-¢, respectively. In the
presence of the acids, the A,,,, values associated with nanostar
branches blue-shift steadily by 28 (+2), 35 (£7), and 67 (+8)
nm for HNO,, H,SO,, and HC], respectively, over the course
of an hour. These changes are consistent with gold nanostar
restructuring at rates of 0.506 (+0.002), 0.685 (+0.002), and
1.068 (+0.006) nm/min for the same acids.

Anion composition is clearly important in these measure-
ments as revealed through control measurements performed
using 1 mM KCl and KNO;. Similar to previous studies,”” the
halide-containing salt yields a 26 (+2) nm blue-shift in A,
and a restructuring rate of 0.425 (+0.001) nm/min. In
contrast, no significant change in A, is observed for gold
nanostars incubated in 1 mM KNO,; (Figure 1E-a).
Furthermore, HCI induces a 67 nm blue-shift in 4, while
only a 26 nm blue-shift is observed with KCl, and gold
nanostar restructuring occurs ~2.5 times more quickly in the
acid vs halide control. This suggests that both the proton and
halide influence particle restructuring. This result differs from
the nitrate studies as HNOj; causes the A,,,, to blue-shift ~28
nm while no change was detected in the presence of KNOj.

These results suggest two things. First, this confirms that
restructuring depends on the presence of protons in solution.
This behavior is consistent with the acid-induced dissolution of
~6 nm diameter gold nanospheres.”’ Second, the magnitude
and restructuring rate of gold nanostars is likely related to the
affinity of the anion to gold. Previously, CI~ was shown to
chemisorb to gold (binding affinity ~16 kcal/mol)*® while
nitrate and sulfate exhibited a negligible affinity to gold.”” This
suggests a multistep nanostar restructuring process in which
acidification leads to a change in HEPES charge, which
subsequently allows anions to interact with the metal surface.
Consequently, the affinity between neighboring gold atoms
weakens, thus promoting their migration and gold nanostar
restructuring as shown in Figure 1C. SERS spectra suggest that
Cl™ displaces HEPES (data not shown). These TEM and
parallel LSPR spectral changes indicate significant nanostar
restructuring, and thus HNO;, which influences morphology
the least and exhibited the most reproducible structure—optical
property relationship was, as a result, chosen for all subsequent
acidification adjustments.

Evaluation of HEPES Interactions to Gold Nanostars.
We hypothesize that acidification initially induces gold
nanostar restructuring through HEPES protonation, which
depends on the surface pK, of its various functional groups.
HEPES, a zwitterion with an isoelectric point of 5.0, contains
sulfonate and hydroxide groups that are deprotonated and
protonated, respectively, when pH = 1—14.>" As a result, pH
fluctuations from 1 to 14 likely impact the protonation state of
either one or both amines in the piperazine ring as shown in
Figure 2A. Previously published pK, values of these two
tertiary amines in the piperazine ring are ~3 and 7.55 for N
and N,, respectively, when the molecule is fully solvated.>
Upon deprotonation, these form weak covalent bonds to gold
via their lone pair electrons'®** as shown in Figure 2B.

Surface pK, values of these nitrogen-containing functional
groups are estimated using an established method for thiols>®
where the surface pK, decreased by ~10 pH units upon
adsorption to gold, and the magnitude of the depression was
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Figure 2. Mechanism of HEPES deprotonation (A) in aqueous
solution and (B) on gold nanostructures. (C) Evaluation of 0.4 nM
gold nanostar surface potential as a function of pH. The estimated
surface pK,, for N, is 3.8 (£0.2). Error bars represent the standard
deviation of three replicate measurements. The error in pK, is
estimated from uncertainty in linear analysis. Insets show DFT-
optimized geometries and electrostatic potential maps of HEPES
when the N, amine is (1) deprotonated and (2) protonated.

proportional to the Gibbs free energy (AG°) between the
functional group and the metal as follows:>®

AG°

pKa,surf - PI{a,soln = 2-303RT

(1)
where pK, s and pK, ., are the surface and solution pK, of
the functional groups, respectively, T is temperature, and R is
the gas constant.

Using eq 1 and assuming a previously reported Au—N bond
strength of 6 kcal/mol,”** a pK, depression of 4.4 is expected.
To experimentally quantify the pK, of HEPES on gold, the zeta
potentials of gold nanostars from pH 2.5 to 7 are evaluated
(Figure 2C). Zeta potential is highly negative (=50 mV) in
solutions with a pH greater than ~4. Further acidification leads
to less negative surface potentials indicating that the amine
(N,) is undergoing protonation. The surface pK, is easily
quantified by taking the log of these values.”® The inflection
point indicates a single surface pK,, which is estimated at 3.8
(£0.2) as well as a N—Au free energy of adsorption of 5.1
(£0.3) kcal/mol. This result is reasonable for sterically
hindered tertiary amines such as HEPES.”” Assuming the
surface pK, of N, decreases by the same magnitude, its surface
pK, should be less than 0. Thus, N; is expected to be
deprotonated and bonded to gold throughout the pH range
here.

All in all, this suggests that solution pH and surface affinity
of HEPES to gold influence the electron distribution in the
molecule. As a result, the ion/dipole-induced dipole
interactions between these species are weakened, thereby
leading to reactive conditions that promote gold nanostar
restructuring. To provide a semiquantitative comparison of
electron distribution changes, electrostatic potential maps are
generated for protonated and deprotonated HEPES (insets
in Figure 2C). When pH is greater than the pK, of N,
electrons are largely localized in the sulfonate group as well as
in the piperazine ring but to a lesser extent. Upon acidification
and N, protonation, the electrostatic potential map changes
significantly. These calculated results represent relative
electron densities in the molecules with respect to the most
positive and negative points in a molecule. As such, negative

4037

values (red regions) represent electron-rich regions with
respect to the most positive molecular region, and positive
values (blue regions) depict electron-poor regions with respect
to the most negative molecular region. When HEPES is
protonated, the potential energy associated with N, becomes
positive (=219 to 209 kJ/mol), thus indicating energetically
unfavorable interactions to gold. In addition, gold and N, or
sulfonate interactions weaken from —397 to —133 kJ/mol or
from —685 to —208 kJ/mol, respectively, suggesting significant
weakening of the HEPES aflinity to gold. Because interactions
between these functional groups and gold are most likely ion/
dipole-induced dipole and these molecular interactions are
heavily influenced by electron density,58 we postulate
weakened affinity between the stabilizing agent and metal. It
is important, however, to clarify that only the sign and relative
change in these values reveal meaningful information.”® Thus,
HEPES likely binds to gold via both the sulfonate and amine
groups, and its overall affinity to gold weakens upon N,
protonation.

These functional group interactions between gold and
HEPES are confirmed using SERS. To do this, gold nanostars
are rinsed with water to minimize the quantity of HEPES in
solution as it interferes with SERS measurements as previously
reported.'’ This is likely because HEPES assembles on gold
nanostars in a bilayer structure when the HEPES concentration
ranges from 10 to 2000 mM.”” The hydrogen bonding network
between hydroxyl groups can be disrupted upon lowering this
concentration. As shown in Figure 3A, the LSPR spectra of 1.1
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Figure 3. Representative (A) LSPR and (B) SERS spectra for (1) 1.1
nM Au nanostars in 10 mM HEPES (1) before (4,,,,; = 679 nm) and
(2) after washing with water (A, = 675 nm). (C) A normal Raman
spectrum of 1 M HEPES is shown. The scale of the inset is magnified
30X. Raman collection parameters: 4., = 785 nm, f;, = 25 s, P = 28
mW, average = 3.

nM gold nanostars change only slightly upon decreasing the
HEPES concentration in solution. First, the 4. blue-shifts 4
nm upon decreasing the HEPES concentration, which
indicates that the local refractive index has decreased by
0.018 RIU (see Figure S1 where a 284 nm/RIU sensitivity is
determined and used to quantify RI variations). Second, the
LSPR magnitude from 800 to 1050 nm increases slightly, a
response consistent with electromagnetic coupling between
branches on a given nanostructure or between nanostars.””*”
SERS analysis confirms this mechanism as HEPES is observed
upon washing the nanostars with water and bilayer disruption
(Figure 3B-2) whereas HEPES is not observed at higher
concentrations (Figure 3B-1). A spectrum of 1 M HEPES
using normal Raman is shown for comparison and band
assignments (Figure 3C).
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Implications of HEPES disruption and/or removal are
evaluated as a function of pH. To do this, 1.5 nM gold
nanostar solutions are pretreated using a pH 2.8—7 solution for
10 min before collecting SERS data. Figure 4A,B shows
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Figure 4. Representative (A) SERS, (B) inverse second derivative,
and (C) first derivative spectra of residual HEPES on 1.1 nM gold
nanostars in aqueous solution. Panels A and B: pH = (1) 3.0, (2) 3.5,
and (3) 7. Panel C: pH = (1) 4.5, (2) 3.8, (3) 3.5, (4) 32, (5) 3.0.
Vibrational band assignments are found in Table 1. (D) pH-
dependent vibrational frequency shifts relative to solution for the (1)
SO;~ asymmetric and (2) C—N stretches are shown. Raman
collection parameters: 4., = 785 nm, £, = 25 s, P = 28 mW, average
=3.

representative SERS and second derivative spectra of HEPES
at pH (1) 3.0, (2) 3.5, and (3) 7. The second derivative spectra
are inverted to mimic spectral data to facilitate small spectral
feature identification vs the broad background continuum,
which is induced from metal—molecule cougyling, image dipole,
and nanomaterial morphological changes.’

Several spectral features (Table 1) consistent with changes
in the previously described electron distribution in HEPES are

Table 1. Normal Raman and SERS Vibrational Mode
Assignments”

SERS
Raman_glit.), Raman (th_is (litg, SERS (thi_s
mode cm work), cm™! cm! work) cm™!
5(CH,)*! 1475—1450 ND ND 1388
7(CH,)*’ 1310—1260 1337, 1306 ND 1295
(w)
1,(S05)%77° 1380 ND ND 13591356
v(CN)®! 1280-1180 ND ND 1258—1256
1,(80,;)707 1053 1046 (s) ND 1022
1,(80,),%° 958 ND 917 915
v,(S0)”

“Abbreviations include scissor (5), twist (7), asym stretch (v,,), sym
stretch (), weak (w), strong (s), not detected (nd)

noted. First, the most intense vibrational features are
associated with the sulfonate (asymmetric stretch of SO;~
(1359-1356 cm™')) and amine (C—N stretching mode
(1258—1256 cm™!)) groups.”"®* Of note, these modes are
not observed in normal Raman spectra as they are forbidden
modes unless symmetry is broken, for instance, through gold—
molecule interactions.”® Second, the most intense feature in
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the normal Raman data for HEPES (Figure 3C) is associated
with the SO;~ symmetric stretch (1046 cm™").%*~%® This band
red-shifts 26 cm™ to 1020 cm™ in SERS vs normal Raman,
which indicates that the sulfonate group participates in binding
to the gold surface likely from electron transfer from the
molecule to the metal thereby weakening the S—O bonds.*®
Our present studies, which are measured at residual HEPES
levels, suggest cooperative pH dependencies on the affinity of
HEPES to gold. This is further supported by evaluating pH-
dependent vibrational frequencies in the first derivative SERS
spectra (Figure 4C) compared to calculated electrostatic
potentials. For instance, both the asymmetric SO;™ stretch and
the C—N stretching frequencies are small but easily observed
from their first derivative. Zero point crossing values reveal
relevant vibrational frequencies and are reported as a function
of pH in Figure 4D for both modes. As pH decreases below 4,
the C—N stretching frequency blue-shifts from 1256.4 (+0.7)
to 1257.6 (+0.1) cm™'. While small, this suggests a slight
weakening in binding affinity between N and Au. In contrast,
the asymmetric stretching frequency associated with sulfonate
red-shifts from 1359.1 (+0.3) to 1355.8 (+0.3) cm™, a
response consistent with electron density decreasing in this
functional group and subsequent weakening affinity to gold as
predicted from DFT. It should be noted that the SERS
intensities of these modes are independent of solution pH thus
indicating that HEPES does not desorb.

Implications of HEPES Disruption on the SERS
Detection of Benzene. If acidification induces a weakening
of HEPES affinity to gold, SERS activity of weakly binding
molecules such as benzene might be observable. Benzene was
chosen as its binding affinity to gold is governed by relatively
weak London dispersion forces” and, thus, should not exceed
that of the stabilizing agent.”* To study this, gold nanostars are
initially pretreated with HNO;. These solutions are equili-
brated for 10 min to allow for electron redistribution in
HEPES yet minimize impacts of gold atom migration before
benzene is added. Because gold nanostar aggregation and
restructuring dominate spectral changes in solution when the
pH is below 3, these conditions were not further considered.

As shown in SERS analysis (Figure SA), 10 mM benzene is
successfully detected with the largest signals detected from the
most acidic solution. Only two vibrational features are
observed including the asymmetric stretch associated with
the sulfonate group of HEPES (1360 cm™') and the ring
breathing mode,” associated with benzene (964 cm™ with a
less intense shoulder at 979 cm™). Previously, the shoulder
was attributed to benzene interacting with another benzene via
7—7 interactions.”® Interestingly, this shoulder is largest at pH
3 as shown in the second derivative SERS spectra where there
is benzene adsorption to gold and, thus, 7—x interactions are
most energetically favorable. Second, the intensity of the ring
breathing mode at 964 cm™ for benzene increases by almost
an order of magnitude when pH decreases from above the
surface pK, of HEPES to 3 (Figure SA). As the benzene signal
increases, the HEPES vibrational mode decreases and becomes
indistinguishable from noise at the most acidic pH.

This result indicates that HEPES is partially displaced by
benzene and undergoes reorientation upon benzene adsorp-
tion,® and/or the chemical enhancement’” associated with the
sulfonate bands from HEPES decreases upon acidification. We
postulate that partial desorption of and changes in electron
distribution in HEPES lead to this observation. To evaluate if
the pH-dependent binding affinity of HEPES is reversible, gold
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Figure S. SERS analysis (inset-inverse second derivative) of (A) 10
mM benzene incubated with 1.5 nM nanostars for 30 min after an
initial 10 min pretreatment in water with a pH of (1) 3, (2) 3.5, (3)
4.0, (4) 4.5, (5) 5.5, and (6) 7.0. (B) SERS spectra (inverse second
derivative) of S mM benzene after (1) pretreatment in pH 3 water for
10 min, (2) step 1 + neutralization for S min, (3) steps 1 + 2 + 1, and
(4) steps 1 + 2 + 1 + 2. (C) Relative integrated areas of the ring
breathing mode for benzene (1006—936 cm™) to the asymmetric
sulfonate stretch are shown. This ratio is reported relative to the first
data point (pH 3 in cycle 1). Vibrational band assignments: 1360
(HEPES, SO; asymmetric stretch), 964, and 979 cm™" (benzene, ring
breathing). Raman parameters: 4., = 785 nm, t,, = 25 s, P = 28—58
mW, average = 3.

nanostars are pretreated as previously described. Next, the pH
of this solution is repeatedly cycled between 7 and/or 3 before
S mM benzene is added. After 20 min, SERS spectra are
collected to evaluate surface activity (Figure SB,C) and reveal
that both the HEPES and benzene signals depend on pH and
are reversible. Representative second derivative SERS spectra
show that the two vibrational features associated with benzene
are smaller upon incubation at pH 7 (Figure $B-2,B-4 and
Figure S2A) vs pH 3 (Figure 5B-1,B-3 and Figure S2A). The
signals collected at pH 3 are approximately constant between
the first and second pH cycling process. It is interesting to note
that the ring breathing mode for benzene adsorbed to gold
blue-shifts from 964 to 967 cm™' while the loosely bound
feature varies from 982 to 985 cm™! when pH increases from 3
to 7. This 3 cm™ blue-shift for both bands indicates less
energetically favorable benzene adsorption conditions when N,
in HEPES is deprotonated (pH 7) vs protonated (pH 3).
The HEPES features associated with C—N stretching (1256
cm™) (Figure S2B-1) and sulfonate asymmetric stretching
(1352 cm™") (Figure S2B-3) exhibit opposite behavior relative
to that of benzene. That is, the signals are large at pH 7 and
small at pH 3. In addition, changes in these signals are
reversible and depend on benzene addition and not pH alone
(Figure S2B). This is clearly shown in Figure S2B-3,B-4 where
the SERS signals associated with the asymmetric sulfonate
stretch at 1352 cm™ are largely independent of pH cycling in
the absence of benzene. After 2 cycles, this band reduces in
intensity but does not completely disappear indicating that
HEPES remains on the gold surface. Further pH cycling leads
to electromagnetic coupling between nanostars so this was not
further considered. The SERS signal variations support the
hypothesis that the binding affinity of HEPES depends on pH
and is largely reversible. We estimate that the binding affinity
of HEPES decreases by at least 5.1 kcal/mol when N, becomes
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protonated (i.e., when pH < 3.8). This would lead to small
HEPES signals when benzene features are large because of
energetically favorable binding conditions.

To further investigate the implications of surface activation
at pH 3, the binding affinity of benzene to 1.5 nM gold
nanostars is evaluated. Representative time-dependent SERS
spectra of 1500 M benzene (Figure S3A) reveal spectral
features associated with the ring breathing mode of benzene
(964 cm™) and weakly bound benzene from z—7 interactions
(979 cm™'). Results using 200—7500 uM benzene are
summarized in Figure S3B and show that the total signal
associated with benzene reaches equilibrium within 30 min. To
compare signal variations at equilibrium, spectra collected at
30 min are evaluated (Figure 6A). Spectral features from both
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Figure 6. Benzene adsorption to 1.1 nM gold nanostars. (A)
Representative SERS spectra of (1) S, (2) 2.5, (3) 1.5, (4) 1.0, and
(5) 0.2 mM benzene incubated with nanostars for 30 min after an
initial 10 min pretreatment. Trends in signals for (B) benzene features
centered at (1) 964 (+0.5) cm™! and (2) 979 (1.2) cm™ and (C)
HEPES at (1) 1351 (+0.8) cm™ and (2) 1378 (+0.9) cm™". Fits for
panels B and C are from eq 2. Raman parameters follow: A, = 785
nm, t,, = 25 s, P = 28 mW, average = 3.

benzene and HEPES (1378 cm™', CH, scissoring, and 1351
cm™!, SO, asymmetric stretching) are observed in all spectra
while only the ring breathing mode located at 964 cm™ is
observed at the lowest benzene concentration. Signals
associated with benzene increase but decrease for HEPES
with increasing benzene concentration until steady-state is
reached. Closer evaluation of these spectral features is achieved
through spectral deconvolution and second derivative anal-
ysis,78 which are summarized in Figure 6B,C for all bands
independently. Interestingly, the vibrational features for
HEPES (Figure 6C) decrease by ~50% as benzene
concentration increases from 0 to S mM. This suggests that
approximately half of the HEPES molecules are displaced by
the addition of benzene.

The data follow Langmuir-like behavior for both spectral
features of benzene as follows:
KC

I —qmax) €4
SERS SERS 1+ I(eqc

2)
where Iggpg is the band area obtained from spectral
deconvolution for a given benzene concentration (C), Igxs
is the maximum signal, and K, is the equilibrium constant (in
mM™!). Estimated K., values are 0.56 (+0.05) and 0.12
(+0.04) mM™" for the ring breathing mode directly adsorbed
to gold (964 cm™') and for 7—rx interacting species (979
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cm™'), respectively. Corresponding Gibbs free energies of
adsorption (AG,y, = —RT ln(Keq)) are —3.69 (+0.06) and
—2.80 (£0.20) kcal/mol. We postulate that the binding affinity
of HEPES is approximately this same magnitude (of benzene
to gold) at pH 3 and increases as the pH increases further.

All in all, these results support that benzene adsorbs to gold
with its ring parallel to the interface. While the adsorption free
energies are small and of the same magnitude, this is
reasonable given that both London dispersion and n—n
interactions exhibit similar energies.””*" Because the most
intense vibrational mode is associated with London dispersion
forces between benzene and gold, the band red-shifts ~32
cm™' from the normal Raman frequency in solution (996
cm™) consistent with 7 orbital overlap between benzene and
gold.75 By comparison, a 17 cm™ red-shift in vibrational mode
for benzene interacting via 7—z interactions is relatively
weaker, thus leading to slightly less energetically favorable
binding interactions.

B CONCLUSIONS

HEPES was shown to influence gold nanostar stability and
SERS detection of benzene through changes in its pH-
dependent electron distribution and, as a result, affinity to the
gold surface. While surface stabilizing agents play important
roles in bottom-up synthesized nanomaterials, vibrational
mode variations are consistent with disruption of the electron
distribution in HEPES on the nanostar surface. These effects
are likely dependent on the chemical potential of the gold
surface and could be relevant when other gold materials are
used. Importantly, the binding affinity and structure of HEPES
on gold nanostars are largely influenced by solution pH and
the surface pK, depression of its N, amine group on gold
relative to solution. This impacts the morphology, surface
potential, and surface activity of the nanostars as well as their
subsequent use in SERS detection of benzene. While
morphology changes from gold nanoparticle restructuring are
irreversible, all other effects including the binding affinity of
HEPES and the detectability of benzene are reversible and
attributed to changes in the affinity between gold and both the
sulfonate and amine groups in the piperazine ring. Notably, the
affinity of HEPES to gold weakens upon acidification leading
to slight but incomplete desorption of HEPES. Changes in
electron distribution of HEPES were confirmed using DFT,
SERS, and LSPR. Upon protonation of one of the amine
groups, benzene adsorbed to the gold surface through London
dispersion forces as well as to other benzene molecules via 7—7
interactions. All in all, this work suggests that surface-enhanced
spectroscopy analysis of small molecule stabilizing agents
depends on many factors including electron redistribution in
stabilizing agents and surface availability. Importantly, the pH-
dependent behavior described in this work can likely be
extended to gold nanostars prepared using other Good’s
buffers such as MOPS and EPPS. Nearly identical trends are
likely for EPPS versus HEPES given the similarity of functional
groups and pK, values. While it has a similar pK,, MOPS
contains a morpholine ring and sulfonate functional group. As
such, surface stabilization and structure preservation arise from
unique intermolecular interactions. Disruption of these
interactions is possible but can also induce morphology
changes. By doing so, the importance of pH on stabilizing
agent functional group affinity was exploited, an impact that
could be extended to other nanostructures as well as to other

analytes that have a weak affinity for gold and/or other

plasmonic materials.
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