Downloaded via UNIV OF SOUTHERN CALIFORNIA on November 27, 2023 at 17:14:55 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

LANGMUIR

pubs.acs.org/Langmuir

Direct Determination of Plasmon Enhancement Factor and
Penetration Depths in Surface Enhanced IR Absorption

Spectroscopy

Cindy Tseng, Anuj K. Pennathur, Drew Blauth, Noemi Salazar, and Jahan M. Dawlaty*

Cite This: Langmuir 2023, 39, 3179-3184

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Surface Enhanced Infrared Absorption Spectroscopy (SEIRAS)
is a powerful tool for studying a wide range of surface and electrochemical iﬂ
phenomena. For most electrochemical experiments the evanescent field of an
IR beam partially penetrates through a thin metal electrode deposited on top
of an attenuated total reflection (ATR) crystal to interact with molecules of
interest. Despite its success, a major problem that complicates quantitative
interpretation of the spectra from this method is the ambiguity of the
enhancement factor due to plasmon effects in metals. We developed a
systematic method for measuring this, which relies upon independent
determination of surface coverage by Coulometry of a surface-bound redox-
active species. Following that, we measure the SEIRAS spectrum of the surface
bound species, and from the knowledge of surface coverage, retrieve the
effective molar absorptivity, €ggras. Comparing this to the independently

_ Asgiras
Ebulk'P

A Y
7

____--
S~
S

Absorbance
-

A

Wavenumber

determined bulk molar absorptivity leads us to the enhancement factor f = ggras/ Epur. We report enhancement factors in excess of
1000 for the C—H stretches of surface bound ferrocene molecules. We additionally developed a methodical approach to measure the
penetration depth of the evanescent field from the metal electrode into a thin film. Such systematic measure of the enhancement
factor and penetration depth will help SEIRAS advance from a qualitative to a more quantitative method.

B INTRODUCTION

Since its development in the 1980s,' Surface Enhanced IR
Absorption Spectroscopy (SEIRAS) has opened several
avenues to study spectroelectrochemical processes at inter-
faces. SEIRAS is an excellent tool for probing surface species in
various electrochemical processes such as CO, reduction,” "
alcohol oxidation,''™*? hydrogen evolution,'* "¢ and water
structure at surfaces.'””">° In a nutshell, SEIRAS involves
depositing a thin layer of metal on a substrate through which
IR light can partially penetrate and interact with molecules.
Unlike surface plasmon resonance (SPR) spectroscopy, exact
momentum matching is not required for SEIRAS due to
surface roughness. SEIRAS is often performed in an attenuated
total reflection (ATR) geometry where the metal is directly
deposited on top of the ATR crystal. Without the deposited
metal layer, the theory to describe ATR is well developed,
especially if the dielectric constant of the medium above the
crystal is known.”"”*” However, for electrochemical measure-
ments, metal deposition is necessary for electrical contact,
which complicates the theory of ATR-SEIRAS.

Two phenomena emerge as a result of the metal deposition.
First is the enhancement arising from interaction of the IR with
the roughened metal and thereby producing an antenna effect
that effectively increases the absorption cross section of the
near-surface species.”” Second, after metal deposition, the
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penetration depth of the IR as understood from the dielectric
theory of ATR no longer applies. In fact, if the metal is very
thick, no light can interact with the near-surface molecules.
Previously, the enhancement factor has been estimated by
comparing absorption cross sections for the two scenarios —
with and without roughened metal.>*~*° This, unfortunately, is
not conclusive since the penetration depth is affected by the
metal. Enhancement factor of SEIRAS, which fall in the range
of 10—10,000, have been reported previously.”” *° Lack of
quantitative information for the enhancement factor makes
interpretation of some experiments difficult and limits the
utility of the technique. To resolve this issue, we report a
systematic method for measuring the enhancement factor for
SEIRAS of monolayers.

This paper is arranged as follows. First, we describe a
method of determining the surface coverage of a monolayer on
a SEIRAS substrate. Second, we measure the bulk molar
absorptivity for certain vibrational features of our monolayer
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sample. Third, we show SEIRAS spectra for the monolayer
and, from their comparison to bulk spectra, extract the
enhancement factor. Lastly, we show a quantitative method to
determine the penetration depth of the IR beam from the
metal substrate into a thin film.

B EXPERIMENTAL SECTION

Gold was deposited on 60° cut ZnSe ATR prisms (Pike
Technologies) via an electroless deposition method adapted from
Bao et al.”' In summary, the ZnSe prism is heated on a hot plate at
100 °C, and is then exposed to a 10 mM HAuCl, solution for ~30 s.
Prior to metal deposition, the ZnSe substrates were polished with
alumina slurry (30, 15, 1, 0.0S ym, consecutively) and then cleaned in
an ultrasonic bath with ultrapure water for S—10 min. This method
produces a rough morphology as seen in the Scanning Electron
Microscopy images reported.”” The gold thicknesses obtained from
this method are in the order of 30 nm, as reported previously based
on AFM measurements.”’ The exact determination of the gold
thickness is not a critical part of our analysis and outside the scope of
this work, but it is estimated to be also of the same order.

Self-assembled monolayers (SAMs) were prepared by immersing
the gold deposited ZnSe crystals in a 20 mM solution of 6-ferrocenyl
hexanethiol (6-FCHT) in ethanol for 15—30 min to establish a dilute
monolayer. The cyclic voltammograms for the SAMs were measured
using a potentiostat (Gamry 1010B) from 0 to +0.6 V vs Ag/AgCl
The linear dependence of peak current versus scan rate establishes
that the 6-FCHT was chemisorbed to the gold (see SI Figure $1).%
The working and counter electrodes were the deposited gold
contacted with a gold wire (99.9% pure) and a Pt mesh, respectively.
Prior to electrochemical measurements, both the gold wire and the Pt
mesh were flame annealed, cleaned in piranha solution, and sonicated
in ultrapure water. The electrolyte was 1 M KCI in aqueous solution.

Each ferrocene molecule undergoes one electron transfer in these
potential regions, which allows calculation of surface coverage. The
coverage of the monolayer was calculated by integrating the area
under the curve of the anodic wave of the cyclic voltammogram. Prior
to integration, the influence of the substrate’s capacitive current from
the voltammograms were baseline subtracted to extract the Faradaic
current from the surface-bound ferrocenes, as explained in detail in
the SI Figure S2. The geometric area of the electrode was 3.14 cm’.

The films of Prussian Blue (PB) were electrochemically deposited
using methods followed by Roig et al.>> The ZnSe gold substrate
working electrode was held at a constant cathodic current (—40 pA)
immersed in a 0.02 M in K;Fe(CN),, 0.02 M FeCl;, 0.01 M HCI
solution. Each ~14 nm layer was deposited by applying the current
for 14S s, followed by taking a SEIRAS spectrum.

All spectra were collected using a ThermoFisher Nicolet iS50 FTIR
spectrometer and a spectroelectrochemical Teflon cell that is
compatible with the VeeMAX III (Pike Technologies) in the ATR
geometry. The spectra were averaged for 128 scans with a resolution
of 4 cm™. The 6-FCHT monolayer SEIRAS spectra and PB film
spectra were collected with a liquid nitrogen-cooled mercury
cadmium telluride (MCT) detector and the bulk transmission FTIR
spectra were collected with a deuterated tri-glycine sulfate (DTGS)
room temperature detector. For bulk measurements, the molecules
were dissolved in deuterated DMSO (dDMSO) to avoid overlap with
the C—H stretch region of 6-FCHT. A CaF, FTIR cell with a 100 ym
spacer was used for the bulk measurements. The actual thickness of
the spacer was measured to be 97 pm. This was obtained with the
interference fringes with the transmission cell filled with air, as shown
in the SI Figure S3. For surface measurements, the SEIRAS spectra
were backgrounded with respect to spectra of gold deposited on ZnSe
in air, before their respective monolayers were assembled. We did not
see any SEIRAS signal of 6-FCHT when the incident IR light was s
polarized. Therefore, we took all the measurements with p polarized
light. Note that this observation does not imply a perfectly ordered
monolayer. The roughness of the gold surface implies that there are
many orientations of the monolayer with respect to the polarization of
light. However, as reported previously in the literature, the p-
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polarization sensitivity of SEIRAS arises from the response of the
metal, rather than the orientation of the molecules.>*

B RESULTS AND DISCUSSION

Surface Coverage of 6-FCHT Measured by Cyclic
Voltammetry. Cyclic voltammograms of the SAM covered
substrates were measured and the anodic/cathodic peaks were
observed at +0.49 and +0.39 V vs Ag/AgCl, respectively, as
shown in Figure 1. We note a peak-to-peak separation of 100
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Figure 1. A representative cyclic voltammogram of the 6-FCHT
monolayer at scan rate of 50 mV/s.

mV that deviates from that of the ideal surface-active
voltammogram.35’36 This could be due to differences in the
solvation of local environments that lead to a difference in the
energetics for oxidizing and reducing the monolayer, as has
been reported in the literature as well.”’ >’ We acknowledge a
slight asymmetry between the anodic and cathodic peaks.
However, if a polynomial background is subtracted, the
difference between the integrated charge between the two
peaks is not significant. We have shown the steps of the
background and baseline subtractions, as well as the values for
the cathodic and anodic integrations for a few representative
CVs in the SI Figure S2. The surface coverage for a series of
samples ranged between 0.122 and 1.86 molecules nm™ (see
Table 1).

Molar Absorptivity of 6-FCHT Measured by Bulk FTIR.
The bulk absorption spectra of 6-FCHT in the C—H stretch
region as a function of various concentrations in dDMSO is
shown in Figure 2. For determination of the bulk molar
absorptivity of the hydrocarbon stretches of 6-FCHT, we used
the peaks at 2853 and 2929 cm™', which correspond to the
symmetric and asymmetric CH, stretches of the hydrocarbon
chain.*”~* The baseline corrected spectra and the absorbance
values at 2853 and 2929 cm™' are plotted against the
concentration of 6-FCHT as shown in Figure 2. The slope
obtained from the absorbance verses concentration plot is the
product of molar absorptivity and path length (97 ym in our
case). The molar absorptivity &, of the symmetric and
asymmetric stretches were found to be 71 and 126 M~ cm™".
The linear fits for the bulk absorption spectra showing the
(0,0) point can be seen in the SI, Figure S4.

Enhancement Factor from SEIRAS. To calculate £ggpas,
we measured spectra of monolayers of 6-FCHT on the
electrodes. The SEIRAS spectrum of the same sample from
Figure 1 is shown in Figure 3. The two peaks at 2853 and 2929
cm™ match those observed in the bulk 6-FCHT spectrum.
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Table 1. A Summary of the Four Samples of 6-FCHT Monolayers, Showing Surface Density, Adsorption for the Two C—H

Stretch Nodes, and Their Retrieved Enhancement Factors

sample p (molecules/nm?) Agpras (mOD) f@ 2853 cm™ Agpras (mOD) f@ 2929 cm™
1 0.168 39 1968 6.1 1706
2 0.122 1.7 1181 4.5 1762
3 0.626 9.1 1232 14.2 1084
4 1.86 18.9 857 389 999
average 1310 1388
StDev 469 402
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Figure 2. Bulk FTIR spectra corresponding to the C—H stretches of 6-FCHT. (a) The raw absorption of the C—H region as a function of 6-FCHT
concentrations. (b) The peak heights of the 2853 cm™ and (c) 2929 cm™ peak plotted as function of 6-FCHT concentration.

0.075

0.074

0.071

Absorbanc

=)
o
S

0.069

0.068 - v v
2800 2850 2900 2950

Wavenumber (cm")

3000

Figure 3. SEIRAS spectrum of a 6-FCHT monolayer on gold in the
C—H region. This is the same substrate used in Figure 1.

The absorption values at these same wavelengths were used for
the calculation of the enhancement factors after the spectrum
was background subtracted (SI Figure SS). The SEIRAS
absorption based on an effective Beer’s law for the surface is
Agpiras = Esgrras | ¢, where [ and ¢ are the effective path length
and concentration. For a surface tethered species, the product
of I and c is the surface density, p, leading to Aggras = Esgras £-
The enhancement factor f is defined as the ratio of the molar
absorptivity of SEIRAS to that of the bulk f = eggras/ Epure This
leads to:

f= Agpiras
P Epulk

Table 1 shows the enhancement factors for four different
samples using the two SEIRAS absorption peaks at 2853 and
2929 cm™'. The average enhancement factor for the analysis at
2853 cm™" is 1310 = 235 and for 2929 cm™ is 1360 + 201. In
other words, the aliphatic C—H stretches of 6-FCHT is
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enhanced by three orders of magnitude when it is close to the
metal surface of a SEIRAS substrate.

We acknowledge that additional features exist in the C—H
stretching region of the bulk FTIR spectra that do not manifest
in the SEIRAS spectra. This could arise from spectral
intensities that have been distributed differently due to
conformational changes. This motivated us to perform another
enhancement factor analysis using integration of all the C—H
stretching peaks instead of the peak height absorption values at
2853 and 2929 cm™. This can be seen in the SI Figure S6 and
Table S1, where we extract an enhancement factor value of 762
+ 82, which is in the same order of magnitude as the value
calculated when the peak height absorption values were used.

It has been shown that organic groups with less than 16 CH,
groups form disordered layers.”* Even if there was a perfect
orientation of the molecules over the surface, the absorption
coeflicients would only change by a factor of 3. This is because
isotropic averaging of a vector quantity (the transition dipole
moment) results into introduction of a factor 1/ 3. Note that
in the presence of roughened metal and in the limit of near-
field optics, the notion of polarization of the electromagnetic
field can become complicated, and sometimes ill-defined.
Furthermore, given the roughness of the gold substrate
surfaces from the SEM images of our references, even if all
the molecules preferentially adsorbed in one orientation, those
orientations will still be randomized given the scale of
roughness of the substrates being much larger than the scale
of a single molecule adsorbed at the surface. Therefore, we do
not consider the orientation of the monolayers in evaluating
their interaction with light. Instead, we take the calculated
enhancement factors as an averaged value over all orientations
at the surface. Note that the enhancement factor retrieved
based on the two peaks are quite close and within the error
bars. It would be a nontrivial task to remove the chemisorbed
monolayers after the calculation of the enhancement factor to
reuse the substrates for another experiment. However, even
though there is variability in the substrate preparation, they are
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similar enough to give similar enhancement factors within
errors presented in Table 1. Therefore, one can assume the
substrates are comparable enough from one substrate to
another, as long as they are prepared in similar conditions. We
also note that unlike thermally deposited gold, these gold films
are more robust. They can withstand multiple rounds of
ultrasonication without flaking off or showing spectral changes,
something that thermally deposited gold films could not do
based on our previous experiences on Silicon and ITO. The
explanation for the more robust substrate is because of a strong
gold-selenium bond that forms upon deposition.”"
Penetration Depth. Literature suggests that the surface
enhancement is not uniformly distributed over the metal
substrate, but rather arises from distinct “hot s.pots.”z‘s’%’47 Itis
relatively straightforward to test this based on our estimated
enhancement factor. We first assume that the enhancement
factor of ~1000 is uniformly distributed across the metal film.
Second, we assume that the enhancement decays exponentially
into the solution. With these assumption in hand, we measured
a spectrum of pure bulk acetonitrile above the SEIRAS
substrate. Since we know the bulk molar absorptivity of
acetonitrile, from the knowledge of SEIRAS absorption and
enhancement factor, we can work out the penetration depth
(see SI Figure S7). The retrieved penetration depth from this
analysis is ~0.2 nm. This is non-physical since it is in the order
of the length of a bond, and we know the IR light can penetrate
through more than that from observation of spectral signatures
of entities farther away. We also note that we do not believe
the difference in enhancement factors between acetonitrile and
Prussian blue stems from the difference in anisotropy.
Furthermore, even if we account for anisotropy, it would
introduce a change ~3 at most. In this case, the resulting
penetration depth for acetonitrile would be ~0.6 nm, which is
still unphysical. Therefore, the assumption of uniformly
distributed enhancement factor is not valid. Rather, the
measured ~1000 enhancement factor is an average over the
entire surface where the hot spots necessarily have a much
larger enhancement factor locally. Our experiment does not
allow determination of the density of hot spots and the local
enhancement factor. Therefore, our reported enhancement
factor should be taken as an effective or averaged value.
Nonetheless, the question of effective penetration depth of
the IR field into the sample remains. We resorted to another
experiment to answer this question. We electrodeposited
Prussian blue (PB) thin films on the SEIRAS substrate at
increments of ~14 nm at a time while measuring the
absorbance value of the nitrile stretches of PB. SI Figure S8
shows the calculation for the estimation of ~14 nm per
deposition increment. As shown in Figure 4, the absorption
signal of the Prussian Blue film continues to grow with the
thickness of the film until it reaches a saturation point around
126 nm. From that point forward, the SEIRAS signal does not
grow significantly while the electrodeposition continues as
evidenced from Coulometry that shows current can still be
sustained even after the SEIRAS signal stops growing. Since
the method of electrodeposition relies on electron transfer
from the electrode to cause the precipitation of the PB film and
no other reactions can occur at this current, this means the film
is still growing. A representative Coulometry is shown in SI
Figure S8. This means that the penetration depth of the IR
into the substrate was ~126 nm. Note that penetration depth
of the IR field into the film is also a function of the thickness of
the gold film, with thicker gold films resulting into smaller
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Figure 4. (Left) The SEIRAS spectrum of the PB film at different
thicknesses and the (right) integrated peak area of the nitrile stretch
of the PB film electrodeposited on the SEIRAS substrate ~14 nm
increments.

penetration depths into the film (See SI Figure S10.). The
penetration depth of the IR field into the sample is expected to
be a function of the refractive index of the film. The refractive
index of Prussian blue is reported to be ~1.44.*® Therefore, for
materials and solvents of similar optical properties, a similar
penetration depth is expected. Exact knowledge of the
refractive index over a broad range frequency is quite rare,
except for very common thin films used more broadly in
industry. Additionally, the refractive index varies across an
absorption. Many materials with strong visible absorptions,
derive most of their IR refractive index from their response in
the visible range. Often the absorption cross sections in the IR
are much smaller than the visible cross sections, which is also
true for Prussian blue as it is a vivid pigment in the visible
range. Therefore, the dominant contribution will arise from the
background refractive index as dictated by the response in the
visible range, and not from the smaller absorption peaks in the
IR range.

B CONCLUSIONS

Knowledge of the plasmon enhancement factor for electro-
chemical ATR is necessary to elevate the observations of this
technique from qualitative to quantitative. Here we presented a
systematic approach which relies upon independent measure-
ment of surface coverage, and yields enhancement factors in
excess of 1000 for electroless deposited gold on ZnSe. Note
that the enhancement factor will vary for different substrates
and will depend on the metal. However, this method is
generalizable and can be applied to other substrates and
metals.
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