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ABSTRACT: Surface-enhanced Raman scattering (SERS) is a
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surface sensitive technique that reveals information regarding *
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molecular adsorption driving forces at nanoparticles surfaces. .

While the plasmonic properties of SERS substrates provide the =
largest signal enhancements, chemical enhancement mecha- zf

nisms are more sensitive to molecular adsorption and s
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intermolecular interactions. Herein, gold coated silver nano- . —— 5
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particles that are stabilized inside microporous silica

membranes are used for monitoring short-range chemical

enhancement effects. First, the silica membrane provides plasmonic stability while also facilitating kinetic measurements so that
impacts of molecular protonation, molecule—molecule interactions, molecule—silica interactions, and molecule—Au interactions
can be identified. To do this, the vibrational frequencies of 4-mercaptobenzoic acid (4-MBA) are monitored as a function of
time and pH. Applying Fick’s second law to time-dependent responses reveals that molecular flux decreases with increasing pH.
SERS spectra suggest that the kinetics of this phenomenon depend on the protonation state of 4-MBA and, hence, the energy
required for the molecules to pass through the negatively charged silica membrane. Namely, repulsive electrostatic interactions
between deprotonated molecules (R-COO™) and the silica shell increase the energy required for transport, which subsequently
decreases the flux of molecules through the silica shell and subsequent adsorption to the metal surface. As pH approaches
neutral conditions, the fraction of deprotonated 4-MBA increases. These molecules, which have a higher electron density in the
aromatic rings versus protonated ones, favor selective chemical enhancement of the asymmetric versus symmetric C—C
stretching modes. In addition, increasing intermolecular interactions between adsorbed molecules promote electron
delocalization from aromatic rings to the carboxylate groups of 4-MBA. This response causes the pK, of the carboxylate to
gradually increase from 4.8 (in solution) to 7.7 (on nanoparticle surfaces). Consequently, SERS signals for this molecule can be
understood with respect to molecular protonation state, flux, and intermolecular interactions using these electromagnetically

kJ/mol

stable plasmonic nanostructures.

B INTRODUCTION

Surface-enhanced Raman scattering (SERS) is a highly
sensitive technique that can be used to detect trace amounts
of target molecules based on enhanced signals of vibrational
modes using plasmonic nanoparticles.' " Critical to these
studies is successful molecular flux to an interface so that the
residence time of the molecules is long enough to facilitate
detection.”~” Molecules with a strong affinity (i.e., adsorption)
to SERS substrates exhibit extended residence times at the
interface,” so the kinetics of detection depends on
intermolecular interaction energetics (in solution versus on
surfaces) and mass transport to the metal surface.*” Previous
theoretical studies used continuum'®™'* and discrete stochas-
tic'>'* models to investigate the impact of intermolecular
forces on molecular diffusion process in nanochannels. In the
continuum model, molecular flux through a nanochannel is
treated as a one-dimension diffusion process, and molecules
are assumed to interact with pores uniformly. This model
revealed that the flux of molecules with a high affinity to the
pores increased when the amount of molecules with weak
affinity to the pores increased.'”"® This finding is in contrast to
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discrete stochastic model predictions where nanochannels are
divided into a series of positively or negatively charged binding
sites, which could be used to model repulsive or attractive
traps.”"® In this model, repulsive barriers at the entry of a pore
exhibited a larger forward flux versus an attractive barrier at the
same point, which depended on molecular concentration and
energetics. Low molecular concentration outside the channels
generated a large flux because of the dominance of repulsive
traps, while high external molecular concentration promoted
transport because of the generation of attractive traps.'* These
theoretical predictions were in a good agreement with
experimental studies in biological systems.'®™"”

These same energetic considerations are important in SERS
studies as molecular flux to a metallic substrate depends on
intermolecular interactions between ions, the target molecule,
surface chemistry, and solvent.”°”** For instance, the
chemisorption and SERS activity of 4’-(pyridin-4-yl)-
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biphenyl-4-yl)-methanethiol (4-PBT) on Au(111) were shown
to depend on molecular packing density and orientation.”
After Au—S bond formation, 7—n stacking between adjacent
molecules caused the monolayer density to increase over the
course of 6 h. These stabilizing interactions were balanced by
repulsive dipole—dipole interactions. Monolayer formation and
restructuring also influenced the electron density in functional
groups thus causing variations in pK, value. Carboxylic acid
groups were shown to weaken in acidity by 1—3 pH units when
alkanethiols were adsorbed into ordered monolayers on
metallic surfaces versus in solution.”* The same phenomenon
was also observed previously” >* when the acidity of
carboxylic acid groups of 4-MBA weakened upon adsorption
to nanoparticles; however, the impact of intermolecular
interactions and electron density were not evaluated.

Intermolecular interactions also influence the electro-
magnetic enhancement of molecules via surface selection
rules”*****° and chemical enhancement mechanisms.”>*" Of
importance to the present study, intermolecular interactions
can influence electron distribution in molecules thus impacting
the modest yet important effect of chemical enhancement on
SERS spectra. The most common chemical enhancement
occurs via charge transfer’>** where the excitation wavelength
is in resonance with electronic transitions between either (1)
the Fermi level of the metal to the lowest unoccupied
molecular orbital or (2) the highest occupied molecular orbital
to the Fermi level of the metal.”*> Symmetric vibrational
modes were shown to be more sensitive to electromagnetic
changes, while asymmetric vibrational modes were most
dependent on chemical enhancements.’” These effects were
further supported through a series of SERS studies where
symmetric and asymmetric vibrational modes were eval-
vated 233136

Herein, the implications of pH and monolayer equilibration
time on SERS spectral features associated with 4-MBA are
evaluated using internally etched silica-stabilized, gold-coated
silver (IE Ag@Au@SiO,) nanoparticles. The sequential
importance of molecular protonation on molecular diffusion
through microporous silica membranes, molecular flux, and
adsorption on the metal interface, and intermolecular
interactions of molecules once formed into a monolayer are
investigated using time-dependent localized surface plasmon
resonance (LSPR) and SERS spectroscopies. SERS bands
associated with the number of molecules as well as those
associated with either chemical or electromagnetic enhance-
ments are evaluated using these electromagnetically stable
nanostructures. Consequently, important and significant
changes in chemical enhancement signatures are understood
and related to two commonly varied experimental parameters,
pH and equilibration time.

B METHODS AND MATERIALS

Chemical Reagents. Gold(III) chloride trihydrate, sodium
citrate dihydrate, Amberlite MB-150 mixed bed exchange resin,
(3-aminopropyl) trimethoxysilane (APTMS), sodium nitrate
(NaNO,), sodium trisilicate (27%), tetraethyl orthosilicate
(TEOS), silver perchlorate, sodium borohydride, 4-mercapto-
benzoic acid (4-MBA), hydroxylamine hydrochloride, and
potassium phosphate dibasic trihydrate (K,HPO,-3H,0) were
purchased from Sigma. Ethanol, ammonium hydroxide
(NH,OH), hydrochloric acid (HCI), nitric acid (HNO;),
and potassium phosphate monobasic (KH,PO,) were
purchased from Fisher Scientific (Pittsburgh, PA). Ultrapure

water (182 MQ-cm™!) was obtained from a Barnstead
Nanopure System and used for all experiments. All glassware
was cleaned with aqua regia (3:1 HCI/HNO;) and rinsed
thoroughly with water before oven (glass) or air (plastic)
drying.

Nanoparticle Synthesis. Ag@Au nanoparticles were
synthesized using a seeded growth method previously
described in the literature.””** Briefly, 99.8 mL of a 300 uM
sodium citrate solution prepared in N,-purged water was
stirred in an ice bath in the dark. A 1 M freshly prepared
sodium borohydride (100 uL) solution was added to the
citrate solution (1 mM final concentration). Next, 100 uL of
100 mM silver perchlorate was added to the solution within 2
min after sodium borohydride addition. The resulting Ag
nanoparticle solution was stirred for 3 min. Stirring was then
stopped, and Ag nanoparticles with average diameters of 12.2
+ 5.6 nm (N = 353) formed as determined using transmission
electron microscopy (TEM). Ag nanoparticle concentration
was determined using a previously published molar extinction
coefficient for 12.2 nm diameter Ag nanoparticles (3.51 X 10°
M_1~cm_1).39

Next, Ag@Au nanoparticles were synthesized by adding 14.1
mL of water to 45 mL of the as-synthesized Ag seeds. This
solution was stirred for ~2 min at 4 °C; then 30.4 mL of both
6.25 mM hydroxylamine hydrochloride and 0.465 mM gold
salt was added slowly (3 mL/min) using a syringe pump. This
solution was stirred for 1 h then stored at 2—4 °C for 12—18 h
to ensure nanoparticle formation. The Ag@Au nanoparticles
were triply centrifuged with water (30 min, 2000 X g) and
redispersed in a 1 mM citrate solution so that the final
nanoparticle concentration was 0.28 nM, which was estimated
using a standard estimation model for the silver seeds.”” An
average Ag@Au nanoparticle diameter of 20.6 + 5.8 nm (N =
461) was determined using TEM.

Silica-coated Ag@Au (Ag@Au@SiO,) nanoparticles were
synthesized via a modified Stéber method.**™* The pH and
conductivity of 40 mL of the as-synthesized Ag@Au
nanoparticles were adjusted to 5 and ~110 uS/cm using
NaOH and Amberlite resin, respectively. After resin removal
by filtration, 28 L of 1 mM freshly prepared APTMS was
added dropwise to the nanoparticle solution with stirring. After
30 min, 325 puL of 2.7% sodium silicate was added dropwise to
the solution and stirred for 24 h. The silica shell thickness was
further increased by adding ethanol (final ratio = 1:4 H,0/
ethanol). After 6 h, 32 uL of 1 mM APTMS and 32 uL of
TEOS were added. Next, 160 uL of concentrated NH,OH was
added to increase the pH to ~11. After 16 h, the Ag@Au@
SiO, nanoparticles were centrifuged (45 min, 9383 X g) three
times with ethanol then three times with water. The Ag@Au@
SiO, nanoparticles were then passed through a Sephadex-50
column to remove Ag@Au nanoparticles that did not contain
complete silica shells™ and were stored in 100% ethanol until
use. Ag@Au@SiO, nanoparticles exhibited average overall
diameters of 85.5 & 7.0 nm (N = 193). The average silica shell
thickness was 32.5 = 4.5 nm (propagated error).

Internal Etching. Silica shells were converted into silica
membranes via an internal silica etching process induced with
concentrated NH,OH.”*** Ag@Au@SiO, nanoparticles
stored in ethanol were triply centrifuged (20 min, 7607 X g)
and redispersed in water to 3 nM prior to etching. To obtain
an etching profile, nanoparticles were diluted with water in
disposable methacrylate cuvettes (optical density was ~1.5);
then concentrated NH,OH was added so that the final base
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concentration was 1.5 M. Once the extinction maximum
wavelength (4,,,,) reached 571.5 nm, the etching reaction was
quenched by adding 100 mM HNO; so that the solution pH
dropped below 4. These internally etched Ag@Au@SiO, (IE
Ag@Au@SiO,) nanoparticle solutions were immediately
washed 3 times in water by centrifugation (7 min, 7607 X g
for the first wash and 15 min, 7607 X g for the second and
third washes) and passed through a Sephadex-GS0 column to
remove uncoated or partially silica coated nanoparticles. IE
Ag@Au@SiO, nanoparticles were used immediately or stored
in 100% ethanol until use.

Phosphate Buffer Preparation. K,HPO, and KH,PO,
were mixed to obtain 100 mM phosphate buffer stock
solutions with pH values ranging from 6.0 to 7.6. These
solutions were diluted in water to a final phosphate
concentration of 10 mM. Next, small amounts of HNO;
were added to slightly adjust pH to desired values. Buffer
conductivity was measured using an EC 400 ExStik
conductivity/ TDS/salinity meter (Extech Instruments, MA)
and maintained at 4 mS/cm using 1 M NaNO;.

TEM. TEM was performed using a JEOL JEM-1230
microscope equipped with a Gatan CCD camera. Samples
were prepared on 400 mesh copper grids that were coated with
a thin film of Formvar and carbon (Ted Pella). The
nanoparticle solution was diluted to 50% ethanol, and ~10
UL was pipetted onto a grid then dried at room temperature.
At least 200 nanoparticles were analyzed (Image Pro Analyzer)
to estimate average nanoparticle diameters. Silica shell
thicknesses were determined by propagation of error between
Ag@Au and Ag@Au@SiO, nanoparticle diameters.

Electrophoretic Mobility. Ag@Au@SiO, nanoparticles
were dispersed in 10 mM phosphate buffer to a final
concentration of 0.11 nM. Mixtures were transferred to
Malvern folded capillary cells for electrophoretic mobility
measurements using a Zetasizer Nano-ZS (Malvern Instru-
ments, Westborough, MA). Electrophoretic mobility was
converted into ¢ potential using Henry’s equation:***

u, = %%f(lca)i_,’ where u, is the electrophoretic mobility

(ecm?V~1s™), 5 is dynamic viscosity (N-s-m™2), &, and &, are a
relative permittivity of the electrolyte and electric permittivity
of vacuum, f(ka) is the Henry function, and { is { potential
(V). pHguace was calculated using Gouy—Chapman—Stern

e

46 —
theory”™ where pH . =pH . -+ 2.3kBT€ (PHyolution

represents the bulk pH of the solution, kg is the Boltzmann
constant, and T is temperature).

Extinction and SERS Spectroscopies. LSPR spectra of
Ag nanoparticles were collected using quartz cuvettes (path
length = 1 cm) from 200 to 800 nm, and LSPR spectra of Ag@
Au and Ag@Au@SiO, nanoparticles were collected in
methacrylate cuvettes (path length = 1 cm) from 380 to
1000 nm using an ultraviolet—visible (UV—vis) spectrometer
(i-trometer BWTek). Deuterium and halogen lamps were used
for UV and visible excitation, respectively. LSPR spectra were
collected in transmission geometry every 10 s for 45 min
(integration time (#,,) = 25 ms, average = 25 scans, boxcar =
5). Extinction maximum wavelengths (4,,,,) were determined
from the zero-point crossing of first derivative spectra.

The characteristic electromagnetic field decay length (1) for
Ag@Au nanoparticles was determined using LSPR and the
following model:*’

AL

— —2t/1
max ml(nsilica - nwater)(l - ¢ d)
—2t/1
nwater)(l — € 2 d)]z (1)

where A/, is the LSPR wavelength shift, m, is the linear
refractive index sensitivity, m, is a nonlinear refractive index
sensitivity term that accounts for nonlinearity in the local
electric field, ny;., and n,., are the effective refractive indices
of silica and the bulk solution, respectively, and ¢ is the silica
membrane thickness. To determine these values, Ag@Au and
Ag@Au@SiO, nanoparticles were incubated in 0—60% (w/v)
sucrose solutions,” and LSPR spectra were collected. The
intersection of these responses was used to estimate the
effective refractive index of silica (1.45(6)). The linear and
nonlinear refractive index sensitivities were determined to be
146 nm/RIU and 395 nm/RIU? respectively. Finally, the I4 for
Ag@Au nanoparticles was estimated at ~11 nm. All of these
values are reasonable based on previously published find-
ings. >

SERS measurements were performed using 0.3 nM IE Ag@
Au@SiO, nanoparticles prepared in 10 mM phosphate buffer
(pH 4.5—-7.5) and 10 yM 4-MBA. Samples were vortexed for
10 s; then spectra were collected continuously for 45 min using
an ExamineR spectrometer (DeltaNu) with an excitation
wavelength (4.,) of 785 nm, laser power (P) = 59 mW, and
integration time (t,) = 10 s. Deconvolution of overlapping
(i.e., the symmetric and asymmetric C—C stretching mode)
vibrational bands was achieved using Gaussian function fitting.
To do this, vibrational band centers were evaluated using
second derivative analysis, and vibrational bands with positive
areas, intensities with S/N greater than 3, and widths greater
than 8 cm™" were considered significant. Control spectra (IE
Ag@Au@SiO, nanoparticles dispersed in buffer) were
collected then subtracted from 4-MBA containing samples.

Electron Density Simulations. To determine how
electron distribution changes as a function of separation
distance, electrostatic potential energies were calculated for the
oxygen atom and acidic proton in three energy minimized
protonated benzoic acid molecules in water as a function of
intermolecular constrained distances ranging from 0.33 to 0.42
nm. This separation range was previously determined to be
reasonable for similar molecules.”” ™' Energy was minimized
using molecular mechanics theory and the Merck molecular
force field (Spartan "10). Molecular angles were constrained to
maintain a parallel geometry among the three aromatic rings.
Electron density calculations were performed to generate 3D
electrostatic potential maps.

- ml[(nsilica -

‘water

B RESULTS AND DISCUSSION

Evaluation of How Molecular Diffusion Rates Impact
the Density of Adsorbed Molecules on Metal Surfaces.
Plasmonic nanoparticles encapsulated in microporous silica
membranes were previously shown to promote reproducible
and quantitative SERS detection of thiolated molecules when
the silica membrane plus void space distance to the metal
surface was greater than the 1/e decay 1eng‘ch.2'4’47 Here, we
build on those studies using similar electromagnetically
isolated Ag@Au nanoparticles with ~11 nm decay lengths.
As shown in Figure 1A, these IE Ag@Au@SiO, nanoparticles
exhibit an average metal core diameter of 20.6 + 5.8 nm (N =
461). Upon silica coating and etching, these plasmonic
materials are encapsulated by 32.5 + 4.5 nm (14% relative
standard deviation) thick silica + void space. Silica shell
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Figure 1. (A) TEM image of IE Ag@Au@SiO, nanoparticles. The
average diameter is 85.5 + 7.0 nm (N = 193), and the silica
membrane thickness is 32.5 + 4.5 nm. (B) Bulk refractive index was
modified using 0—80% (w/v) sucrose and Ag@Au nanoparticles (1)
without and (2) with silica membranes. The data are analyzed using
eq 1. The refractive index of silica is estimated to be 1.45(6). (C)
LSPR spectra of 0.3 nM IE Ag@Au@SiO, nanoparticles (1) before
and after incubating with 10 uM 4-MBA in pH 4.5 buffer for (2) 1,
(3) 10, (4) 30, and (S) 45 min.

thicknesses on individual particles differed by 4% (+0.8 to
+2.1 nm) indicating relatively good uniformity of silica
encapsulation on each structure. By immersing Ag@Au and
Ag@Au@SiO, nanoparticles in varying sucrose concentrations
and monitoring the A, (Figure 1B-1 and -2, respectively),*®
we estimated the thickness of the silica membrane and void

space to be ~3 times larger than the electromagnetic field
decay length, thus providing plasmonic stability of the metal
cores as demonstrated in Figure 1C. These representative
LSPR spectra show that the spectral line shape, full width at
half-maximum (246.4 + 0.7 nm), and optical density (0.47 +
0.01) of 0.3 nM IE Ag@Au@SiO, nanoparticles do not vary
significantly upon incubation in 4-MBA (pH 4.5). Signals
remain stable for the course of the experiments, and similar
responses are observed in all buffer solutions (pH 4.5—7.5).
Thus, the ensemble averaged electromagnetic properties of
these materials are considered to be stable throughout all
subsequent and concurrent measurements.

Molecular diffusion and flux toward an interface directly
impact the local refractive index near the metal surface and, as
a result, the extinction maximum wavelength (4,,,,) in LSPR
spectra. Figure 2A shows that the A, increases then saturates
in all studied pH solutions as a function of time consistent with
the dielectric sensitivity of plasmonic nanostructures to their
local environment until surface saturation occurs or equili-
brium is reached. It should be noted that the wavelength range
shown in this figure is 6.5 nm relative to the 500 nm
wavelength range shown in Figure 1C. This allows us to
highlight the small wavelength changes that arise from local
refractive index variations near the metal surface. Several
differences are noted in the data collected at varying pH
including the rate of signal change and saturated A, values.
To quantify time dependent changes and to understand
diffusion, effective diffusion coefficients (D) of molecules
passing through silica membranes are estimated at each pH.

Non-steady-state conditions apply, so molecular diffusion
through silica membranes is modeled using Fick’s second law
of diffusion where changes in molecular concentration at a
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Figure 2. (A) Time-dependent 4,,,, using 0.3 nM IE Ag@Au@SiO, nanoparticles in pH (1) 4.5, (2) 5.5, (3) 6.0, (4) 6.5, and (S) 7.5 buffer after
the addition of 10 M 4-MBA. Data are fit using Fick’s second law of diffusion. The inset in panel A shows trends in A,,,, for data collected after 30
min. (B) SERS spectra (1) before and after addition of 10 uM 4-MBA at pH 4.5 for (2) 1S5 and (3) 30 min. Vibrational modes of 4-MBA are
COOH stretching (vcoop, 693 cm™), CCC bending (yccc, 713 em™), COO™ stretching (vcoo-, 848 cm™), C—S stretching (s, 1080 cm™),
asymmetric C—C stretching (¢, 1582 cm™"), and symmetric C—C stretching (Vo 1592 cm™). Experimental conditions: A.,= 785 nm, #,,,= 10
s, P = 59 mW, averages = 30. (C) Time-dependent SERS intensity of the C—S stretch using the same conditions and fitting as in panel A. (D)
Calculated effective diffusion coefficients of 4-MBA as a function of pH from (red) A, and (blue) C—S stretching intensity data. Percentage of
protonated 4-MBA molecules on surfaces of silica membranes (solid line) using the Henderson—Hasselbalch equation assuming a pK, for 4-MBA =

S.4.
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. iy . . aC\ .
given position (x) that changes with time (E) is equal to the
product of the effective diffusion coefficient (D) and the
2
second derivative of the concentration gradient (Z—S). D.g
X

which we estimate using the sum of the product of fraction of
protonated molecules in solution (¢), the diffusion coefficient
of the protonated molecules (Dcoon), the product of the
fraction of deprotonated molecules (1 — ¢), and the diffusion
coefficient of the deprotonated molecules (Dcoo-) through the
silica membrane, is related to the total flux of protonated and
deprotonated molecules through the silica membrane assuming
rapid adsorption upon transport.sz’53 As such, Fick’s second
law reduces to the following expression:>*

Cxt_CO_ X

’ =1-erfl ———

G-G 2/ Dgt )
where C,, is the molecular concentration at position x at time
t, C, is the initial concentration of molecules at the entrance of
the membrane, and C, is the initial concentration of molecules
inside the membrane. Initially, C, is 0, so Fick’s second law (eq
1) reduces to

C x
— =1—-erf] ———
C 2 fot (3)

S €]

By assuming that % is proportional to changes in the time-

dependent A, values, we can estimate D Here, only data
collected during the first 10 min are used for this purpose
because monolayer restructuring and molecular protonation
state occur at longer times (vide infra). This reveals that the
effective diffusion coefficient of 4-MBA decreases from 6023 to
113 nm*min~' as pH increases from 4.5 to 7.5. This
phenomenon can be understood in terms of the average
energy required for (i.e, energy barrier that must be
overcome) and relative fractions of protonated and deproto-
nated molecules available to pass through the silica membrane.
The driving forces and energetics depend on intermolecular
interactions between 4-MBA in solution (ion—dipole),” near
or in the negatively charged silica membrane (ion—dipole or
ion—ion for protonated and deprotonated 4-MBA, respec-
tively),”" and at the gold interface” (chemisorption to form
Au—S bonds, ~40 kcal/mol>>~>’). Of note, the observed D
for protonated 4-MBA through the microporous silica
membrane is ~6000 nm?*min~}, a value ~7 orders of
magnitude smaller than the solution value (~10' nm*
min~!).°® This difference can be understood in terms of the
impact of confined space on diffusion as demonstrated
previously for rhodamine 6G,*” metal complexes (Fe(CN)q>
and Ru(NH;)¢**),”" and n-heptane® where diffusion coef-
ficients were reduced by 5—8 orders of magnitude in silica
nanochannels versus in solution.

In addition, molecular protonation state is also expected to
impact transport as ion—dipole interactions between proto-
nated 4-MBA and silica are energetically more favorable than
the ion—ion repulsive interactions between deprotonated
molecules and silica. Thus, there is a greater energy cost for
deprotonated molecules to enter and pass through the
microporous silica membrane into the void space than for
protonated species. This relative energy barrier difference can
be quantified as a function of pH relative to that at pH 4.5
using the Eyring equation as follows:>*%*

AEnergy Barrier = kT ln(&]

Dy (4)
where D, is a proportionality constant (m”/s). As pH increases
from 5.5 to 7.5, this relative energy barrier increases from 0.5 +
0.3 to 4.0 + 0.3 (ksT)~". This suggests that molecular flux
through the microporous silica influences the local molecular
environment near the metal.

These effects are also observed in corresponding SERS
measurements as a function of both time and pH. Figure 2B
shows representative SERS spectra of 4-MBA measured using
nanoparticles suspended in a pH 4.5 buffer after incubation
times of 15 and 30 min. Before 4-MBA addition, only
vibrational frequencies consistent with residual silica on the
gold surface including SiO;” stretching (v, 650 cm™),™%

CCC bending (Bccc, 874 cm™),°*"” and C—N stretching
(ven, 1048 em )77 are observed. After 4-MBA addition,
the only significant vibrational frequencies observed are
consistent with protonated molecules including the COOH
stretching (Vcoom, 693 cm™),**® out-of-plane CCC bending
(Yccor 713 em™),*""V72 COO™ stretching (Voo 840
cm_l),ﬂ_73 C—S stretching (vcg, 1080 cm_l),z’ﬂ’72 asym-
metric C—C stretching (vcc g 1582 em™),>"* and symmetric
C—C stretching (Vo 1592 cm™)>*""""* bands.

To quantify D.s as a function of time and pH, the C-S
stretching mode intensity, which is directly proportional to the
amount of adsorbed 4-MBA and least influenced by molecular
orientation,”**®’* is plotted in Figure 2C. Fitting these data
using Fick’s second law of diffusion and the Eyring equation
reveals that D, increases from 794 to 7588 nm*min~' while
the change in relative energy barrier decreases from 2.3 + 0.1
to 0.6 + 02 (kgT)™* as pH decreases. These results are
consistent with the local dielectric constant changes estimated
from LSPR spectral analysis. This suggests that adsorption to
gold occurs quickly once molecules have entered the void
space inside the composite nanostructures.

It is well-established that pH impacts molecular protonation
in solution and the electrostatic potential of silica.”*’® When
the pH of a solution is between 4.5 and 7.5, the composite
nanoparticles used in this study exhibit an average { potential
of —33.6 + 10.9 mV, which arises from negatively charged
silica, a value that is consistent with previous measurements for
similar materials, which averaged —46.6 + 6.3 mV.”¢778
Another important point is that Gouy—Chapman—Stern
theory*® predicts that the pH near a silica interface is ~0.6
pH units lower than in solution because of Columbic forces
between negatively charged silica and positively charge protons
in aqueous solution.

If we assume a similar effect near the silica membranes
surrounding the plasmonic nanoparticles in this study, the
fraction of protonated 4-MBA molecules near silica mem-
branes would be larger than that in solution thereby causing
the effective pK, of 4-MBA to be ~5.4 versus the solution value
of 4.79.7”%° This phenomenon is supported in Figure 2D
where pH-dependent trends in the effective diffusion
coefficients and fraction of protonated 4-MBA molecules in
solution predicted using the Henderson—Hasselbalch equation
with a pK, of 5.4 are correlated for 4-MBA. While uncertainty
in these values arises from variations in silica shell thickness on
individual nanoparticles and among nanoparticles, significant
pH dependent responses are noted. This suggests that
molecular diffusion near the metal surface is pH-tunable
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based on varying intermolecular interactions and ionic
environments.

An important implication of pH-tunable diffusion relates to
subsequent molecular orientation at the metal interface.
Previous studies showed that slow diffusion or low molecular
flux caused negatively charged molecules to adopt a larger
molecular footprint on the metal surface thus minimizing its
potential energy and surface density versus cases of high
molecular flux.”****”* To evaluate these effects on IE Ag@
Au@SiO, nanoparticles, shifts in LSPR wavelength for samples
equilibrated with 4-MBA are evaluated. To do this, the
averaged A, values after initial adsorption occurs (i.e,
incubation time larger than 30 min) as a function of pH are
quantified. As shown in the inset of Figure 2A, the average A,,,,
for samples incubated in solution with pH near to or more
acidic than the pK, for 4-MBA are 572.5 nm versus ~571.5 nm
in all higher pH solutions. In addition, the C—S stretching
mode intensity collected using SERS is significantly smaller for
the samples evaluated at pH 7.5 versus all other pH solutions.
In its entirety, this suggests that molecular density is lower
when adsorbed at the highest pH and higher when solutions
are acidic, a trend directly related to molecular diffusion
through the silica membrane and adsorption to the SERS
active-interface.

pH and Intermolecular Interaction Effects on
Aromatic Ring Stretching Vibrations. Raman signals
depend on the magnitude of the induced dipole moment of
molecules, which is a product of molecular polarizability and
applied electric field.”" While electromagnetic enhancement
from the LSPR of plasmonic nanoparticles is the dominant
mechanism for enhancement in SERS,**®*'™% chemical
enhancement also plays a role because of its dependence on
the electron density of molecules.””** For instance, pumping
charge-transfer transitions in a molecule increases SERS signals
via chemical enhancement.”"*>** Previous SERS studies using
aromatic thiolates suggested that the asymmetric (b,) and
symmetric (a;) C—C stretching modes are enhanced by
charge-transfer and electromagnetic mechanisms,”*"** re-
spectively. As a result, relative changes in SERS intensities of
these vibrational modes with increasing pH are analyzed using
IE Ag@Au@SiO, nanoparticles so that pH-induced electron
density variations in the molecules can be identified. Because
electrons tend to localize in the aromatic rings of 4-MBA with
increasing pH, chemical enhancement effects on SERS signals
can be separated from the electromagnetic effects as these
nanostructures are electromagnetically stable.

It is well-established that monolayer formation occurs in
multiple steps including rapid adsorption followed by slow
(ie, 18+ hours) restructuring to reduce defect density in
alkanethiol monolayers.”"***® To identify impacts of inter-
molecular interactions upon initial adsorption, representative
SERS spectra of 4-MBA at each pH after a 30 min incubation
are shown in Figure 3A. Vibrational frequencies associated
with C—S stretching (vcs, 1080 cm™), asymmetric C—C
stretching (Ve .y 1582 em™), and symmetric C—C stretching
(Vecw 1592 cm™') are observed. Relative SERS signals
associated with asymmetric and symmetric C—C stretching
modes (determined using curve fitting) with respect to the
intensity at C—S stretching mode are shown in Figure 3B to
evaluate chemical enhancement effects. Because the nano-
particles are electromagnetically stable, symmetric C—C
stretching mode intensities exhibit no statistical difference
when pH ranges from 4.5 to 6. As pH increases more, a slight
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Figure 3. SERS spectra of 10 uM 4-MBA with 0.3 nM IE Ag@Au@
SiO, nanoparticles at pH (1) 4.5, (2) 5.5, (3) 6.0, (4) 6.5, and (5)
7.5. (A) Representative spectra and (B) analysis are shown for 30 min
incubations, while those for 18 h incubations are shown in panels C
and D, respectively. All spectra are scaled to the C—S stretching mode
intensity. Three vibrational modes are observed including C—S
stretching (vcg, 1080 cm™), asymmetric C—C stretching (Vecaw 1582
cm™"), and symmetric C—C stretching (vcc, 1592 cm™). The peak
of C—N stretching (vcy, 1048 cm™) is from silica. Representative
curve fitting analyses for overlapping bands are indicated with dotted
lines in panels A and C. Experimental conditions: Ag@Au@SiO,
nanoparticles = 0.3 nM, 4-MBA = 10 uM, A, = 785 nm, t,, = 105, P
= 59 mW, 30 averages. The pH-dependent (black) symmetric and
(blue) asymmetric C—C stretching mode intensities with respect to
the C—S stretching intensity are shown after (B) 30 min and (D) 18
h. All SERS intensities obtained from 20 to 45 min are averaged.

decrease in the symmetric C—C stretch is observed and is
consistent with an increase in molecular tilt angle with respect
to the surface normal of Au (vide infra). In contrast,
asymmetric C—C stretching mode intensities increase by
10% as pH increases from 4.5 to 6.5. At pH 7.5, the
asymmetric mode increases by 50% and becomes more intense
than the symmetric stretch.

To understand these observations, we build on the work by
Hunter and Sanders®” in which adjacent aromatic rings in an
assembled monolayer””®” were treated as positively charged o-
frameworks sandwiched between negatively charged 7-electron
dense regions. In so doing, the interactions between adjacent
aromatic rings were shown to represent a balance between
electrostatic repulsive and van der Waal attractive interactions.
We hypothesize that when molecular flux is high and because
of the opposing forces described by Hunter and Sanders,
electron density in the aromatic ring is reduced thus
minimizing electrostatic repulsive and maximizing stabilizing
attractive interactions. When molecular flux is low as when pH
> pK,, aromatic rings preferentially interact with the metal
surface thus reducing the probability of 7—n stacking and
dense monolayer formation. This effect is consistent with an
increase in the electron density in the aromatic ring with
increasing pH and an increase in chemical enhancement
contributions.

This is further supported via analysis of the asymmetric (b,)
C—C stretching mode, which is expected to decrease with
increasing 7m—7 interactions between aromatic rings. Because
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7—r interactions in a monolayer provide further stability once
molecules adsorb, samples were allowed to equilibrate in 4-
MBA at each pH for 18 h. Relative SERS signals for the
asymmetric and symmetric C—C stretching modes with
respect to the C—S stretching mode intensities are shown in
Figure 3C,D. It is important to note that the SERS spectra
collected at 18 h are different from those evaluated after 30
min of incubation with most notable differences in C—C
asymmetric and symmetric stretching modes. For instance, the
symmetric mode is ~4 times larger than the asymmetric mode
at pH 4.5. While the intensity for the asymmetric mode only
slightly increases with increasing pH, the symmetric mode is
always more intense than the asymmetric mode. We attribute
these spectral variations versus data collected upon initial
adsorption and pH to z—x interaction differences between
adsorbed 4-MBA molecules. As equilibration time increases,
7—m interactions between aromatic rings facilitate restructur-
ing, which decreases the overall energy of the system and the
relative chemical enhancement.

pH Effects, Intermolecular Interactions, and Carbox-
ylic Acid Group Acidity. As discussed in the previous
section, monolayer restructuring promotes 7—7 interactions
between adjacent aromatic rings thus reducing the electron
density in the aromatic rings of 4-MBA. This is important
because electron density in the aromatic ring impacts the
acidity of any ring functional group and vice versa.’"**%%
Previously, substituents were shown to induce s-electron
delocalization thus reducing aromaticity and promoting 7—7x
interactions between two aromatic rings.89 In particular,
withdrawing functional groups substantially decreased electro-
static repulsions between neighboring aromatic rings and
promoted 7—7x stacking.’””® 4-MBA contains the electron-
withdrawing carboxylate group; thus we hypothesize that the
acidity of this group should be weakened upon monolayer
formation and stabilization (i.e., pK, should increase upon an
increase in 7—7 interactions between the aromatic rings in the
monolayer). To evaluate the impact of 7—7 interactions on the
(Lewis) acidity of the carboxylate group as a function of pH
and intermolecular interactions, vibrational frequencies
associated with COOH stretching (vcoon, 693 cm™1)*® and
COO™ stretching (vcoo, 848 cm™)”""* modes are analyzed
as a function of equilibration time.

Figure 4A shows representative SERS spectra of 4-MBA in
the regions sensitive to the protonation state of COOH. In
particular, spectra collected after initial adsorption at both pH
4.5 and 7.5 as well as after equilibration at pH 7.5 are shown as
these represent the most dramatic spectral differences.
Differences are noted. For instance, the COOH stretching
mode intensity is smaller, while the COO™ mode is larger upon
initial adsorption when incubated in pH 7.5 versus 4.5. This
difference is attributed to the pH dependent fraction of
deprotonated 4-MBA molecules available for adsorption as
controlled by flux through the silica membrane. To quantify
this spectral variation in terms of protonated and deprotonated
molecules, a relative ratio (R) is calculated as follows:

R= Icoon — Icoor
Icoon + Icoo (5)

where I-oon and Icoo- are intensities of the COOH and
COO" stretching modes, respectively. By plotting these data as
a function of pH, a response consistent with a modified
Henderson—Hasselbalch model is observed (Figure 4B).
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Figure 4. (A) SERS spectra of 4-MBA at (1) pH 4.5 after 30 min, (2)
pH 7.5 after 30 min, and (3) pH 7.5 after 18 h. Vibrational modes are
COOH stretching (vcoop, 693 cm™), COO™ stretching (vcoo, 848
cm™"), and CH out-of-plane bending (ycy;, 684 cm™). Experimental
conditions: Ag@Au@SiO, nanoparticles = 0.3 nM, 4-MBA = 10 uM,
A= 785 nm, t,= 10 s, P = 59 mW, averages = 30. (B) The
lcoon =100 1otjg determined from experimental data after incubation
Icoon +Icoo™

times of (1) 30 min and (2) 18 h. The lines represent modified
Henderson—Hasselbalch equilibria, and a zero-crossing point is used
to estimate the surface pK, of 4-MBA, which is 6.9 and 7.7 after 30
min and 18 h, respectively.

Furthermore, the inflection point of this curve can be used
to indicate the surface pK, of the carboxylic group. From this
analysis, the effective pK, of the carboxylic acid group is 6.9
upon initial adsorption. This finding indicates that at pH ~ 6.5
or higher, the fraction of deprotonated molecules, which
exhibit greater tilt angles with respect to the surface normal,
increases thus causing a decrease in the symmetric C—C
stretching mode as observed in Figure 3A,B.

If intermolecular interactions from 7—x interactions induce
more electron density into the carboxylic acid group,
monolayer restructuring should cause the surface pK, to
become less acidic. To evaluate this effect, SERS spectra were
collected at each pH, and samples were allowed to equilibrate
for 18 h. A comparison of the data collected at pH 7.5 after 0.5
and 18 h is shown in Figure 4A-2,A-3, respectively. Significant
differences are noted. First, both modes associated with the
carboxylic acid group increase in intensity. Second, the
carboxylate vibrational mode blue-shifts by ~2 cm™ as
incubation time increases and the monolayer becomes more
ordered. Finally, the out-of-plane C—H bending mode (ycy)”"
is observed at 684 cm™" at pH 7.5 and long incubation times.
These spectral variations are consistent with a change in
fraction of protonated to deprotonated carboxylic acid groups,
intermolecular interactions, and molecular orientation with
respect to the surface normal.

To more clearly identify these observations, the relative ratio
of protonated and deprotonated functional groups are assessed
from pH dependent SERS spectra collected after 18 h. As
shown in Figure 4B-2, data collected at the most acidic pHs are
identical to those collected upon initial adsorption. As solution
pH approaches the pK, of the carboxylic acid group, deviations
are noted. As such, the effective pK, is 7.7, a value 0.8 pH units
less acidic than estimated from initial adsorption data. This
result suggests that the acidity of the carboxylic acid functional
group on the aromatic ring is weakening and further supports
the assertion that monolayer restructuring, which occurs over
time via 7—7 interaction stabilization causes the electrons in
the aromatic ring to become delocalized (into the electron
withdrawing functional group) thus impacting acidity. A
similar response was previously observed for cyclophanes
where 7—r interactions and subsequent charge delocalization
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were promoted when the distance between two rings
decreased.”®’! In the present case, an increase in electron
density in the carboxylic acid groups likely limits its electron
accepting ability thus weakening its acidity. Because monolayer
restructuring reduces the electron density in aromatic rings, the
decrease in 4-MBA acidity can be correlated to a reduction in
the vibrational modes sensitive to chemical enhancement.

In order to illustrate the effect of electron delocalization
from the ring with the acidity of carboxylic acid groups,
potential energies are calculated using three protonated
benzoic acid molecules aligned via their aromatic rings with
separation distances ranging from 0.33 to 0.42 nm to mimic
the packing density of 4-MBA on gold. These intermolecular
distances were determined from previous studies in which 7—n
interactions between aromatic rings ranged from 0.33 to 0.38

m.**7>! These results are summarized in Figure SA where the
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Figure 5. (A) Molecular model of an aromatic carboxylic acid
containing molecule. Atoms involved in acidity are circled in either
black or red to indicate involved O and H atoms in the carboxylic
acid, respectively. (B) Calculated electrostatic potential energy of (1)
O and (2) H atoms as a function of intermolecular separation
distance between aromatic rings.

molecular structure of protonated acid is shown. Potential
energies at the O and H atoms are most sensitive to acidity and
further analyzed. Figure SB reveals that as intermolecular
distance decreases from 0.42 to 0.33 nm, the potentials at the
O and H atoms become more negative and less positive,
respectively. This increase in electron density in the carboxylic
acid groups is consistent with the promotion of electron
delocalization from the aromatic rings to carboxylic groups, a
phenomenon similar to what is predicted by SERS.

Effects of intermolecular interactions and monolayer
restructuring are not limited to carboxylic acid groups only
but also to the C—H groups on the aromatic ring. Previously, it
was demonstrated that the out-of-plane CH bending mode
(ych, 684 cm™) was sensitive to molecular orientation”” (ie.,
increase in tilt angle) and to z-electron delocalization.”" As
shown in Figure 4A-3, this vibrational mode is observed at all
pH'’s after a long incubation (18 h). As the monolayer becomes
more ordered via favorable 7—7 interactions,”>”> the aromatic
rings become more tilted and electrons in aromatic rings
delocalize to the carboxylic acid and CH groups. Con-
sequently, the enhancement of this mode is promoted because
of an increase in the Raman cross-section of this mode via
surface selection rules (electromagnetic enhancement) and an
increase in polarizability (chemical enhancement).

B CONCLUSIONS

In summary, this study revealed how Ag@Au nanoparticles
electromagnetically stabilized by microporous silica mem-

branes can be used to control the local pH near, mass transfer
of molecules to, and intermolecular interactions between
molecules on the metal. Intermolecular interactions and their
associated energetics influence what and how many molecules
adsorb to the metal surface. This was analyzed using LSPR and
SERS. First, effective molecular diffusion coefficients were
calculated using Fick’s second law of diffusion and shown to
depend on the fraction of protonated molecules in solution as
well as near the silica membrane. Molecular flux decreased as
the fraction of deprotonated molecules near the silica interface
increased, which depended on pH. Second, LSPR and SERS
analysis of the C—S stretching mode indicated that these
differences in flux influenced the number of molecules on the
metal surface whereby higher flux led to more molecules
binding to the metal surface. At the highest pH, low molecular
flux caused 4-MBA to maximize its surface footprint thus
reducing the molecular density in the monolayer. Third,
monolayer restructuring via z—n interactions between the
aromatic molecules caused the electron density in the aromatic
rings to decrease thus causing vibrational modes that are
sensitive to chemical enhancement to decrease. These
interactions also caused the electron density in carboxylic
acid groups to increase. Consequently, the COO—H bond was
strengthened and the acidity of the functional group weakened
thereby increasing its pK, from 4.79 to 6.9. Finally, monolayer
restructuring was promoted through longer equilibration times
and 7—7 interaction stabilization, which further decreased the
acidity of the carboxylic acid group to a pK, of 7.7. All in all,
this study highlights the importance of how simple parameters
(solution pH or incubation time) can influence the observed
SERS signals of small molecules via chemical enhancement
mechanism. Future studies should carefully consider these
when reporting and interpreting SERS spectral data.
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