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Abstract
Electric fields associated with Raman enhancements are typically inferred from changes in the
observed scattering intensity. Here we use the vibrational Stark effect from a nitrile reporter to
determine the electric field dependent frequency shift of cyanide (CN) on a gold (Au) surface.
Electroplated Au surfaces with surface enhanced Raman (SERS) activity exhibit larger Stark shifts
near the edge and in areas with large roughness. The Stark shift is observed to correlate with
intensity of a co-adsorbed thiophenol molecule. Gap-mode Tip enhanced Raman scattering
(TERS), using a Au nanoparticle tip, show dramatic shifts in the CN stretch that correlate to
enhancement factors of 1013 in the gap region. The observed peak widths indicate the largest
fields are highly localized. Changes in the nitrile stretch frequency provide a direct measurement
of the electric fields in SERS and TERS experiments.
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Electric field enhancements associated with plasmonic structures have been used to enable
detection and imaging of individual molecules.1, 2 The excitation of a localized surface
plasmon resonance in a noble metal nanostructure results in a local electric field that
underpins surface enhanced and tip enhanced spectroscopies.3 Direct measurement of the
electric field has been complicated to assess; instead intensities associated with the enhanced
molecules have been utilized to infer the magnitude of the electric field.4 In surface
enhanced Raman spectroscopy, both excitation field and the Raman emission field are
enhanced and contribute to the observed signal.5, 6 Recently, the electric field of a
nanoparticle dimer was determined using the vibrational Stark effect of a CO molecule
coadsorbed in the gap junction.7 In this letter we show that the Stark shift in a nitrile (CN)
group adsorbed on a nanostructured gold surface can be used to map the electric fields that
are associated with enhanced Raman scattering. Here we use the combination of surface
enhanced Raman (SERS) and tip enhanced Raman (TERS) to investigate electric fields
derived from the Stark shift of adsorbed cyanide.

The vibrational Stark effect arises from an external electric field perturbation to a chemical
bond.8 The effect can result in either an increase or decrease in vibrational frequency
dependent upon the orientation of the bond dipole and direction of the applied field;
requiring a preferred molecular orientation for an observable frequency shift.9 Nitriles
provide a sensitive probe of electric fields in a variety of environments such as proteins,10–13

biomembranes,14 the electrochemical double layer,15–17 and the energy levels of
molecules.18–20 Nitriles adsorb to surfaces with preferred orientations and their Stark tuning
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parameters are well characterized, suggesting an ideal probe to assess the electric fields
associated with plasmon enhanced spectroscopies.

A CN covered SERS active surface was prepared by electroplating onto wire embedded in
polystyrene with a AuCN plating solution. Figure 1 shows the AFM topography of the
surface, which is recessed slightly (~0.5 μm) into the supporting polystyrene block. To
assess the SERS activity, the surface was soaked in 1mM thiophenol solution and the Raman
map (Fig. 1C) was obtained. The Raman spectrum of thiophenol is observed most
prominently at the edge of the Au surface. The AFM image of the Au surface exhibits a
RMS roughness in the center of the electrode of 45 nm and of 300 – 400 nm near the outer
region. The Raman spectra also show a large contribution of CN around 2250 cm−1. The
frequency of the CN stretch is observed to vary across the mapped surface, shifting to higher
frequencies near the edge of the Au surface and showing a consistent blue shift in regions
expected to show increased SERS activity. All observed CN vibrational frequencies are blue
shifted compared to the CN stretch observed from Au(I) cyanide salt [KAu(CN)2], which we
observe at 2164 cm−1 in agreement with literature,21 indicating a different environment than
observed on the SERS surface. The CN stretch frequency observed most closely matches
reports of AuCN.22 The CN stretch in Au salts is observed at significantly lower
energies.21, 23

Further examination of the CN stretching modes shows evidence of an asymmetric
frequency distributions on the Au surface. The heterogeneous and asymmetric line
broadening of the nitrile stretch suggests different environments. Figure 2 shows that regions
with large Stark shifts are also observed to have shoulders at lower energy. Fitting the
observed CN stretch to a two-peak model provides a frequency for both the high and low
electric field environments. Figure 2 maps the electric field on the Au surface calculated
using the Stark tuning rate of 2.9 cm−1 (MV/cm)−1 for CN,24, 25 and 2243 cm−1, the CN
stretch frequency in a isotropic field,16, 26 as the reference frequency necessary to determine
the electric field.27 In figure 2B, the low field component is only slightly blue shifted from
the reference value and is observed fairly consistently across the Au surface. While in figure
2C, the high field component localizes along the edge where SERS from thiophenol was
also observed. Interestingly, there are no bands associated with thiophenol observed in
regions exhibiting only the low field component. The electric field enhancement in these
regions is either insufficient to generate an observable Raman signal given the cross-section
of thiophenol, or the thiophenol is not present in sufficient concentration to be observed.28

The consistent CN across the surface may inhibit thiophenol absorption in all but high
curvature areas of the hot spots. Of note, the CN frequencies observed are the same in the
absence of thiophenol. Intensity based enhancement calculations are dominated by the signal
from molecules in hotspots.29 This bimodal shifting indicates the ability to detect both
hotspots and lower enhancements contributing to the observed Raman signal
simultaneously.

The magnitude of the fields determined from the Stark shift enable us to calculate an
enhancement factor for the surface. SERS enhancement factors (EF) have been shown to
arise from the electric field attendant to the excitation field (Eexc) and the Raman emission
field (Eemm) as shown:

Eq. 1

The incident electric field (E0) was determined to be 0.025 MV/cm, as calculated from our
diffraction limited 632.8 nm laser spot with a measured irradiance of 7.5×108 mW/cm2.
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Using the field values shown in Figure 2 and our E0 value, Equation 1 suggests
enhancement factors ranging from 109 to 1012 on the SERS surface. Since the Raman
emission, or re-radiation, is dependent upon the orientation of the vibrational mode relative
to the electric field, observed enhancement factors are often lower than predicted by the
ideal E4 approximation.30, 31

Considering the SERS activity on the Au surface is non-uniform, the correlation between
SERS structure and the molecule that enhanced signal originates from, is ambiguous. TERS
provides a controlled means to generate enhancements associated with LSPR excitation.
Figure 3 shows the results of a classic, gap-mode configuration that brings our tip into close
proximity with our CN covered Au surface. The gap plasmon arises from coupling of the
plasmon resonances in the TERS tip and the Au surface.

For the TERS experiments, a shorter deposition time (60 s to 30 s) provides a low SERS
background, but an observable CN signal in a flat area on the Au surface. The TERS tip is
comprised of a Au nanoparticle at the apex of a glass fiber. The TERS tip was brought into
contact with the CN covered Au surface. Figure 3 shows the change in the CN stretch
frequency when the tip is in and out of contact with the surface. The TERS spectrum shows
an intense, blue shifted peak at 2381 cm−1. This represents a Stark shift of 129 cm−1 from
the CN stretch frequency observed on the Au surface without the tip, and a shift of 138 cm−1

relative to the 2243 cm−1 reference value noted above.

To verify that the peak arises from the CN on the Au surface, the same TERS tip was also
brought into contact with a fresh, template stripped Au surface without CN. No peaks were
observed in the CN stretch region. This indicates there was no transfer of CN to the TERS
probe, as well as the shifted peak not being an artifact of dirt on the probes apex, confirming
the shifted peak is indeed due to the gap mode plasmonic field. Using the E4 approximation,
the electric field within the gap corresponds to an enhancement factor of 1013.

Pettinger and coworkers reported gap-mode TERS results using an Au scanning-tunneling
microscopy (STM) tip on both silver and gold surfaces to investigate the Stark tuning of CN.
Their results showed only a 2 cm−1 shift in the CN frequency on the Au surface upon tip
approach. With Ag they observed a shift of 43 cm−1. We believe the differences observed
arise from differences in plasmon frequency associated with the gap geometry. Coupling
between nanostructures, in this case the roughened surface and the TERS tip, results in a
red-shifted plasmon.32 The resulting field and enhancement (Eq. 1) in our experiments arises
from better overlap between the Raman excitation and emission with the plasmon. It’s been
shown that plasmon mode frequencies and intensities, and subsequent Raman enhancement,
are greatly affected by the physical properties of the nanostructures.32 In a recent report
small changes in the gap resonance dramatically impacted the observed TERS signals, in
this case enabling single molecule imaging.2 Similarly, our previous work has shown
dramatic signal increases arising from plasmon coupling.33–35 The sharp Au tip used in the
work by Petttinger and colleagues may not have resulted in as beneficial overlap with the
gap resonance.

The linewidth observed for the TERS peak is also narrower than the original SERS peak
observed. A Gaussian fit to the observed signals indicates linewidths of 15 and 25 cm−1

FWHM for the TERS peak at 2381 cm−1 and SERS peak at 2249 cm−1, respectively. The
narrower FWHM suggests a more homogeneous electric field in the junction compared to
the SERS surface. An analysis of the observed peak areas and enhancement factors
determined from the electric fields producing the Stark shift, suggests that the signals
observed in gap-mode TERS arise from a spot 6 nm in diameter. Since CN still resides
outside this confined region, signal from this CN still contributes to the far field background.
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This confined enhancement agrees with a recent report of TERS imaging with resolution
well below the limit associated with the field in a gap junction.2

Finite element modeling of the tip – surface junction suggests the enhanced field in the gap
should be 100× greater than the incident field (E0). The nanoparticle here is approximately
150 nm in diameter and is coupling to a planar gold surface. The observed Stark shift
suggests a field 2000× the incident laser excitation. It has been reported that classical
electrodynamics, such as that used in our model, break down at distances less than 1 nm
from the surface.36 The CN on our surface is well below this limit, which will lead to
differences between theory and experimental results. However, the magnitude of the electric
field we calculate from the CN Stark shift is consistent with a recent study using CO as a
Stark reporter.7

To assess the validity of the electric fields calculated from the Stark shift, Figure 4 plots the
observed intensities from the thiophenol (Fig. 4A) and CN (Fig 4B) against the electric field
determined from the Stark tuning coefficient. The E4 approximation is plotted over the data
and shown to agree within reason when a scaling factor of 0.28 is incorporated. The
uncertainty in the electric field, evident in the CN stretch inhomogeneous broadening, is
depicted as the shaded region to illustrate the full range of electric fields present.

The coefficient in the AE4 function fit to the data accounts for a number of factors: 1) local
field effects, 2) the polarizability or orientation of the molecule, and 3) the incident electric
field.

The electric field near the Stark reporter is known to be highly sensitive to the local electric
field environment. Local field effects are often included to correct for variance from the
observed Stark shift and the known electric field.9 It is common to report shifts relative to
the local field (f); however, our factor A clearly contains contributions from other sources.

The plots in figure 4 show the intensities of molecules on the surface vs. electric field. Since
the graphs plot Raman intensity against the electric field, there must be dependence on the
polarizability of each molecule. The agreement in the A term suggests that either CN and
thiophenol have comparable responses to electric fields or polarizability has a minor impact
on the observed trend. Additionally differences in the orientation of the molecules are
accounted for in the polarizability. There are reports of CN oriented at different angles with
respect to the Au surface.22, 23, 37

The E4 model accounts for observed enhancement factors, while we have modeled the data
versus absolute electric field. The fact that the model correlates well with our data supports
our assertion the Stark shift arises from the plasmonic enhancement of the electric field. A
correction for the incident field could be included; however, this would more accurately
reflect enhancement factors that would require normalizing the observed intensities against
conventional Raman intensities, which was not attempted here.

Other possible sources of error include our E0 value. We have reported our fields based on a
literature value for the frequency of CN in an isotropic field that appears to provide a
reasonable determination of the observed fields. Another possibility is the Stark tuning rate
for CN on Au is different. An early computational study suggested that the Au-C bond is
strongly perturbed, which would effect the C-N bonds response to electric fields.8

Additional studies will further refine the tuning rate for use in tracking fields associated with
the local electric fields relevant to plasmonic field enhancements.

Our results show that the CN stretch frequency shows a blue shift that correlates with
Raman enhancements arising from the excitation of surface plasmon resonances in SERS
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experiments. Tip enhanced Raman experiments verified that the shift correlates with fields
from plasmon excitation. These results indicate a CN Stark shift can be used to investigate
the electric fields arising from plasmon excitation on surfaces in diverse problems.

Experimental
AFM/Raman

Atomic force microscopy was performed using two different instruments. A Nanonics
MV2000 AFM running NWS at version 1740 b4 control software. A pulled glass pipette
with a tip size near 20 nm and length of approximately 150 μm, affixed to a quartz tuning
fork, for open air AFM, was used to collect topography.

For combined AFM-Raman maps, a Nanonics MV4000 operated with NWS software
version 2.3 was used. A long cantilever (>150 um) air AFM-Raman probe was used to
collect topography and Raman spectra simultaneously. Raman spectra were obtained using a
632.8 nm HeNe laser, with a power at the objective of 1.1 mW, for excitation. The AFM
was positioned in the sample plane of a custom upright microscope. The objective used for
the Raman collection was a 100×, 0.7 NA Nikon L-Plan bright field objective. The
microscope objective and AFM were vibrationally isolated from the Raman spectrometer.
The Raman signal was collected through the single objective, filtered from the Rayleigh
scattering and excitation light using a 633 nm dichroic filter (Semrock) and longpass filter
(Semrock), and spectrally resolved using a Horiba Jobin Yvon iHR320 spectrometer with a
Horiba Jobin Yvon Synapse CCD. Radial polarization was produced by a liquid crystal
mode converter (ArcOptix).

Analysis of the collected Raman maps was preformed using Matlab and an open source
peak-fitting package.38 Equal width Gaussian functions were used to fit both the chosen
thiophenol band and the cyanide band. Each fit was repeated 15 times to achieve the lowest
% RMS error. Any fit with an % RMS error > 15% was discarded from the maps.

TERS
TERS spectra were collected using the same microscope described above. The tip used in
these experiments was a CMP Au-ball tip (Nanonics Imaging) appropriate for measurements
in air. The diameter of the Au ball tip is approximately 150 nm.

Sample Preparation
A tungsten wire39 was etched to a point with an approximate apex width of 50 nm and
embedded in polystyrene. With the etched end pointing down, the wire was held in a brass
mold in resistive contact with the polished brass at the bottom of the mold. Polystyrene
powder was added around the wire and melted at temperature of 250 °C similar to the
method described by Martin.40 The polystyrene was allowed to cool and harden; the
polymer disk was then removed from the holder. The polystyrene was polished using
alumina embedded paper to expose the tip of the embedded wire. Gold was electrodeposited
onto the wire using a commercial plating solution (Technic, Inc; Orotemp 24 RTU rack).
The potential for deposition was controlled with a CHI660D potentiostat (CH Instruments)
and was set at −1 V. After 170 seconds of deposition, the electrodes were rinsed with water
followed by ethanol.

The gold deposits are 10’s of micrometers in diameter with an approximately circular shape.
Each electrode was sized using optical microscopy and compared to USAF resolution target
(Edmund Optical). Fabricated electrodes ranged from 20–100 micrometers in diameter.

Marr and Schultz Page 5

J Phys Chem Lett. Author manuscript; available in PMC 2014 October 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The electrodes were then placed in 0.097 M thiophenol in ethanol for approximately 24
hours to co-adsorb thiophenol onto the gold. After an appropriate soaking time, the solution
was removed and the electrode was again rinsed with water followed by ethanol. After
fabrication and thiophenol addition, the electrodes were stored covered under ambient
conditions.
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Figure 1.
A) The 3D AFM topography of an electrodeposited Au microelectrode is shown. B) The
observed CN stretch frequency is mapped along the electrode. C) The Raman intensity of
codeposited thiophenol is mapped along part of the same electrode shown in A. The inset
shows the Raman spectrum at the highest intensity pixel in the thiophenol map at 1572 cm−1

(red line, inset).
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Figure 2.
A) Representative SERS spectra of cyanide and the resulting peak fits are shown from flat
(i) and edge (ii) regions. The edge region shows an asymmetric peak that can be
deconvolved into two peaks, peak 1 and 2. B) A map of the electric field determined from
the frequency of peak 1 indicates a low electric field component across the surface. C) The
larger CN frequency of peak 2 corresponds to more intense electric fields localized along the
edge of the Au deposit. In the absence of an asymmetric lineshape, the single frequency
observed is used in both plots. A black cross in (B) and (C) denote where the spectra (i) and
(ii) were acquired, respectively.
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Figure 3.
i) The TERS spectrum of obtained from forming a gap junction over the CN covered Au
surface is shown. ii) Retracting the tip from the surface provides the SERS spectrum lacking
the high frequency peak. iii), The spectrum obtained from bringing the same tip into contact
with a bare gold surface shows no CN peaks.
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Figure 4.
A) The CN stretch and B) the thiophenol 1550 cm−1 band intensities observed are plotted
against the determined electric fields. The shading is the AE4 model overlaid onto the data.
The width of the shading correlates to the FWHM of the CN stretch, and thus the uncertainty
in the E field. In both plots A = 0.28.
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