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Probing Heterogeneity in Attenuated Total
Reflection Surface-Enhanced Infrared
Absorption Spectroscopy (ATR-SEIRAS)
Response with Synchrotron Infrared
Microspectroscopy
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Abstract

The heterogeneity of metal island films electrodeposited on conductive metal oxide modified internal reflection elements

is shown to provide a variable attenuated total reflection surface-enhanced infrared absorption spectroscopy (ATR-

SEIRAS) response. A self-assembled monolayer of a ferrocene-terminated thiol monolayer (FcC11SH) was formed on

the gold islands covering a single substrate, which was measured using both a conventional spectrometer and a custom-

built horizontal microscope. Cyclic voltammetry and ATR-SEIRAS results reveal that the FcC11SH-modified substrate

undergoes a reversible electron transfer and an associated re-orientation of both the ferrocene/ferrocenium headgroup

and the hydrocarbon backbone. The magnitude of the absorption signal arising from the redox changes in the monolayer,

as well as the IR signature arising from the ingress/egress of the perchlorate counterions, is shown to depend significantly

on the size of the infrared beam spot when using a conventional Fourier transform infrared spectrometer. By performing

equivalent measurements on a horizontal microscope, the primary cause of the differences in the signal level is found to be

the heterogeneity in the density of gold islands on the conductive metal oxide.
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Introduction

Surface heterogeneity plays an important, but often hard to

assess, role in many chemical and physical processes occur-

ring at electrochemical interfaces. The operative length

scales where surface heterogeneity influences catalytic

reactions spans from atomic to microscopic dimensions.1

Much work has focused on the influence of nanometer

length-scale surface structure, such as localized crystallo-

graphic domains, in electrocatalysis.2 On a more microscale

dimension, the influence of grain boundaries and polydis-

persity in metal texturing complicates the detected analyt-

ical signal in electrochemical biosensor interfaces.3 Product

selectivity depends on interparticle separation and catalyst

loading density in many important reactions such as the

reductions of molecular oxygen4,5 and carbon dioxide.6

Consequently, distributions in the size and average particle

separation can lead to inhomogeneous reactant and

product distributions in functioning fuel cells and

electrolyzers.

Spectroscopy, particularly microspectroscopy, is an

important tool for mapping heterogeneity in electrocatalyst

activity and selectivity.7 The high molecular sensitivity and

(sub)monolayer detection limits of surface sensitive infrared

methods make them particularly powerful for in situ studies

of electroactive interfaces. Attenuated total reflection
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surface-enhanced infrared absorption spectroscopy (ATR-

SEIRAS) is well suited for studying electrocatalysis reactions

due to the generation of highly localized electric fields

around metal nanoparticles leading to excellent surface

sensitivity and a lack of interference from the bulk electro-

lyte.8 The surface enhancement effect in ATR-SEIRAS is

present in non-coinage metals making the technique applic-

able to highly electrocatalytically active metals such as Pt,9

Rh,10 and Pd,11,12 as well as first row transition metals.13

However, in general, the spatial resolution of surface sen-

sitive infrared spectroscopy is diffraction limited unless

coupled with near-field techniques that, with few excep-

tions,14,15 are incompatible with in situ/operando electro-

chemical conditions. This has greatly limited the use of

infrared-based techniques for spectroelectrochemical map-

ping experiments.16,17 Nevertheless, the development of a

robust platform suitable for ATR-SEIRAS mapping of elec-

trocatalytic systems is an appealing proposition. We have

recently advocated the use of thin films of conductive metal

oxide (CMO) as the supporting layer in electrochemical

ATR-SEIRAS experiments.18 Metal island films can be dir-

ectly electrodeposited on these surfaces and the resulting

metal-island modified surfaces have been shown to give

larger enhancement factors than traditional metal films

grown directly on infrared prisms. These metal@CMO

films are often quite heterogeneous in appearance, and

the electrodeposited nanoparticles are unequally distribu-

ted on the conductive metal oxide surface. In the present

study, we have coupled an Au@ITO (indium tin oxide)

SEIRAS substrate with synchrotron infrared radiation

(SIR) to demonstrate the ability of a horizontal ATR micro-

scope to map heterogeneity in a film of an electroactive

self-assembled monolayer.

Experimental

Reagents

Used as received were NaF (>99.98%, Aldrich),

KAuCl4, (98%, Aldrich) and 4-methoxypyridine (MOP)

(97%, Aldrich), KCl (ACS grade, Fisher Scientific).

Potassium perchlorate (ACS grade, Fisher Scientific) was

recrystallized. 11-(Ferrocenyl)undecanethiol (FcC11SH)

was kindly synthesized and purified as reported previ-

ously19 and supplied by Antonella Badia (Université de

Montréal). All aqueous solutions were made using Milli-Q

water (>18.1 M��cm).

Au@ITO Layer Preparation and FcC11SH SAM
Incubation

The SEIRAS-active Au@ITO layers were prepared follow-

ing a previously reported procedure18 with minor modifi-

cations. A 25 nm thick indium tin oxide film (ITO) was

deposited onto a microgrooved Si internal reflection

element (IRE) (Si m-groove IRE, IRUBIS GmbH) using a

home-built RF magnetron sputtering unit. The ITO target

(Kurt J. Lesker) was composed of 90% In2O3 and 10% SnO2

by weight. Sputtering was conducted at 30 W power and a

base pressure of 2� 10–5 Torr. Freshly sputtered ITO films

were subsequently annealed at 300 �C in vacuum for 1 h.20

The annealed ITO-modified Si wafer was assembled in a

custom-built spectroelectrochemical cell holding 0.1 M

NaF solution and subsequently purged with Argon for 20

min; 250 mM KAuCl4 and 100 mM MOP were added to the

solution, followed immediately by electrodeposition of Au.

Starting at the open-circuit potential, a 20 mV/s voltam-

metric sweep was applied to the ITO working electrode

between –1.0 V and þ1.0 V for three cycles. Subsequent

ATR-SEIRAS measurement of MOP adsorption and desorp-

tion on Au at þ300 mV and –900 mV, respectively, provided

a spectroscopic handle on the infrared (IR) activity of the

electrodeposited Au layer. Similar electrodeposition steps

were applied to increase the SEIRAS-activity until the MOP

IR signature plateaued. The freshly prepared Au@ITO-

modified m-groove wafer was removed from the cell and

thoroughly rinsed with Milli-Q water followed by an etha-

nol rinse. The m-groove wafer was then placed into an alu-

minum wrapped vial containing an ethanol solution of

0.1 mM FcC11SH for 6 h, followed by thorough rinsing

with ethanol to remove physisorbed thiols and a subse-

quent rinse with Milli-Q water to remove residual ethanol.

Once reassembled into the spectroelectrochemical cell,

0.1 M KClO4 was added and the cell was purged with

Argon for 20 min.

In Situ Spectroelectrochemistry

All electrochemical and spectroelectrochemical experi-

ments were performed using a HEKA PG 590 potentiostat.

Current and potential data were collected using a USB

6351 X-series multifunction digital to analogue converter

(National Instruments) controlled through an in-house

written LabView interface. The custom-built spectroelec-

trochemical cell consisted of a standard three electrode

configuration with the Au@ITO film on the m-groove IRE

serving as the working electrode. The reference and coun-

ter electrodes were an Ag–AgCl wire in a saturated KCl

solution (connected by a salt bridge) and a coiled gold wire,

respectively, and the electrolyte solution was 50 mM

KClO4. A Bruker Vertex 70 Fourier Transform Infrared

(FT-IR) spectrometer was used for non-synchrotron-based

measurements. The assembled spectroelectrochemical cell

fits a Pike Technologies VeeMAX III ATR accessory set to a

55� angle of incidence. Synchrotron IR-based measure-

ments utilized a Bruker Vertex 70v FT-IR spectrometer.

All FT-IR spectra were derived from 512 individual scans

with 8 cm–1 wavenumber resolution. Spectra are reported

formally as changes in absorbance as defined by

Abs ¼ � log SEsample
=SEref

� �
, where SEsample

and SEref
are the
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single beam spectra recorded at the sample and reference

potentials, respectively.

Results and Discussion

FcC11SH Monolayer Electrochemistry

A freshly prepared FcC11SH SAM on an Au@ITO-modified

IRE substrate was assembled in the spectroelectrochemical

cell and electrochemically characterized using cyclic voltam-

metry (CV) in 0.1 M KClO4 electrolyte (Fig. 1). The region

of potential stability of the FcC11SH is delimited by the

reduction and oxidation of the gold-thiolate bond in the

SAM layer and depends on the number of hydrocarbons

in the alkyl chain, the degree of order in the SAM, and

the surface crystallography of the gold.21 The Fc redox is

considerably removed from the reductive desorption of the

thiol which overlaps with hydrogen evolution in pH 6 elec-

trolyte. Oxidative desorption occurs at potentials positive

of ‘‘bare’’ gold surface oxidation,22 which begins at about

+0.80 V versus Ag/AgCl for polycrystalline gold. The large

redox feature associated with the heterogeneous one elec-

tron redox of tethered ferrocene exhibits a formal poten-

tial, Eo, of þ0.398 V versus Ag/AgCl23,24 and has a peak

separation of about 25 mV. A smaller, but distinctive, shoul-

der is also observed at � þ0.30 V. Fitting the peaks in the

CV to Gaussian functions reveals that the full width half-

maximum (FWHM) of the principal peak is 95 mV. An ideal

redox SAM (i.e., a system with kinetically fast electron

transfer and no intermolecular interactions between neigh-

bouring redox centres) should provide a single redox peak

with a full-width half maximum of 90.6 mV and exhibit no

potential separation between oxidation and reduction

peaks.25 Non-ideal behaviour in Fc terminated SAMs has

been extensively reported and traditional explanations

invoke models of separate populations of the Fc terminus

in the SAM.19,23,24,26,27 Distinct domains of isolated ferro-

cene and clustered ferrocene are often cited as the source

of multiple peaks when the SAM is formed from a binary

mixture of a diluent thiol and a ferrocene terminated

thiol.23,28,29 In other reports, domains of ordered and dis-

ordered thiols were reported as the underpinning cause of

the non-ideal electrochemical behaviour of ferrocene-ter-

minated SAMs.30–32 These models were recently challenged

by Nerngchamnong et al.26 who argued that multiple peaks

and larger than expected FWHM were inherent to the

mismatch in size between the Fc headgroup and the methy-

lene units which causes a plurality of Fc microenvironments

to release the buildup of strain in the monolayer.

Irrespective of the underpinning physical explanation of

the FcC11SH electrochemistry, Fig. 1 reveals that the behav-

iour of the FcC11SH SAM formed on the Au@ITO-mod-

ified IRE substrate is both thermodynamically and kinetically

non-homogeneous. The coverage of FcC11SH on the elec-

trodeposited Au was estimated by integrating the CV. Using

the geometrical surface area of the electrode exposed to

the electrolyte multiplied by a roughness factor of �1.618

led to an estimated average coverage of 3.3� 10–10 moles

cm–2. The value corresponds to an approximately 63%

coverage of the Au when compared to the theoretical max-

imum coverage of FcC11SH of 4.5� 10–10 moles cm–2.31

ATR-SEIRAS Characterization of FcC11SH SAMs

ATR-SEIRAS spectra of the FcC11SH SAM on Au@ITO

were measured with a conventional IR configuration and

a VeeMAX III ATR accessory as described elsewhere.33

The IRE was a small (�10 mm�� 10 mm � �0.5 mm),

micromachined Si wafer (Si m-groove IRE). The shorter

pathlength through thin Si m-groove IREs makes them con-

siderably more transparent than traditional Si IREs (Si hemi-

spheres or prisms with several cm pathlengths) and greatly

increases optical throughput below �1400 cm–1. Gold

nanoparticles were electrodeposited on an ITO-coated Si

m-groove IRE and used as the working electrode in the

ATR-SEIRAS studies. Potential-dependent spectra are

shown in Fig. 2a with the single beam measurement at

+0.10 V versus Ag/AgCl serving as the reference spectrum.

The relative absorbance spectrum at +0.30 V contains only

very weak peaks, consistent with the small contribution of

the voltammetric shoulder, as shown in Fig. 1. The onset of

ferrocene oxidation at potentials greater than +0.30 V cor-

responds to the appearance of several vibrational bands

that increase in intensity with increasingly positive potential.

Two positive absorbance peaks are observed at 3106 cm–1

and 1095 cm–1 and two peaks with negative absorbance

changes are present at 2848 cm–1 and 2918 cm–1. The

latter two peaks are assigned to the methylene symmetric

and asymmetric stretching modes respectively, whereas the

Figure 1. Cyclic voltammogram of the FcC11SH SAM formed

on the Au@ITO-modified internal reflection element in the

spectroelectrochemical cell. Scan rate was 20 mV/s and the sup-

porting electrolyte was 0.1 M KClO4.
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symmetric Cl–O stretch associated with the ingress of

charge-compensating perchlorate anions gives rise to the

signal at �1100 cm–1.34 Significantly weaker peaks arising

from the methylene bending mode of the hydrocarbon

backbone can be sometimes observed (see the green

curve in Fig. 3a) but are below or only marginally above

the noise threshold in Fig. 2a even at the most positive

sample potential. The highest frequency peak is assigned

to the C–H stretch of the cyclopentadienyl rings, which

was observed in ex situ IRRAS measurements at

3100 cm–1 for FcC11SH SAMs.35,36 However, numerous in

situ IR studies report the position of this ring mode at

�10 cm–1 higher frequencies.35,37,38 Ye et al.36 indicated

that the frequency of this band likely depends on the per-

mittivity of the local environment surrounding the Fc

center. The frequency of the asymmetric methylene

stretching modes at �2920 cm–1 is known to be highly

dependent on the degree of hydrocarbon order in

SAMs.39,40 The asymmetric stretch is observed below

2918 cm–1 in a well-ordered, long-chain alkanethiol mono-

layer.41 The relatively lower frequency for the asymmetric

methylene stretch reported herein may indicate that the

FcC11SH SAMs formed on the Au islands on ITO may be

better ordered than those reported in previous studies on

continuous gold films.35–37 Nevertheless, the potential-

dependent ATR-SEIRAS spectra are largely consistent

with earlier reports of Fc-containing SAMs. Ye et al.36

attributed the negative absorbance difference in the methy-

lene stretching units to a potential-dependent reorientation

of the hydrocarbon backbone to a more upright position

upon oxidation of the redox center. Surface selection rules

support this contention, as an upright orientation of the

backbone renders the transition dipole moment of both

methylene modes increasingly perpendicular to the surface.

Viana et al.38 argued that oxidation leads to a rotation of

the ferrocenium center about the bond between the Cp

ring and the terminal carbon of the alkyl chain. The rotated

Fcþ is aligned with the Cp rings perpendicular to the metal

surface, which gives stronger enhancement as per the

SEIRAS surface selection rules. Rudnev et al.’s SEIRAS stu-

dies37 indicated that the potential-driven reorientation of

both the hydrocarbon chain and the Fc headgroup was

operative as shown schematically in Fig. 2b. While the IR

spectra in Fig. 2a generally compares favorably to the ATR-

SEIRAS reported by Rudnev et al.,37 one difference is the

weaker IR modes of the Cp hydrocarbon vibration com-

pared to the intensities of the methylene vibrations. In that

work, FcC11SH SAMs prepared on Au surfaces deposited

on Si IREs through electron beam deposition showed

almost equal peak intensities for C–H ring mode at

3106 cm–1 compared to the C–H mode of the alkane back-

bone of the FcC11SH. We obtained similar ATR-SEIRAS

when we prepared FcC11SH SAMs on continuous gold

films directly deposited on Si (data not shown). The rela-

tively weaker signal from the Cp ring when using Au@ITO

may be caused by a higher degree of SAM order, which

Figure 2. (a) Potential difference ATR-SEIRAS spectra of the

FcC11SH SAM formed on the Au@ITO-modified internal reflec-

tion element using a conventional ATR-SEIRAS configuration. The

reference spectrum was collected at 0.1 V and the sample spectra

were as indicated. (b) Schematic representation of the expected

redox-induced orientation changes of FcC11SH as adapted from

Rudnev et al.37

Figure 3. Signal-to-noise asssesment of ATR-SEIRAS spectra of

FcC11SH using a conventional FT-IR spectrometer. (a) Potential-

dependent spectra (Eref¼ 0.10 V, Esample¼ 0.60 V) as a function of

the aperture diameter (b) measured noise dependence on
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partially frustrates rotation of the Cp ring upon oxidation

of the ferrocene center.

Heterogeneity of ATR-SEIRAS Spectra

One of the appeals of using conductive metal oxide (CMO)

films on internal reflection elements for ATR-SEIRAS is the

relative ease with which metallic nanoparticles can be

either physically deposited or electrodeposited on the sur-

face. This provides a highly accessible means to study nano-

particle-catalyzed reactions with surface sensitive infrared

spectroscopy. However, in a previous report, we noted that

the density and distribution of electrodeposited metal

nanoparticles deposited on CMO-modified IREs are quite

variable over the surface.18 The impact of heterogeneity on

ATR-SEIRAS performance can be demonstrated by exam-

ining the potential-dependent spectra of FcC11SH SAMs as

a function of the spectrometer’s built-in Jacquinot-stop (J-

stop) aperture as shown in Fig. 3a. Typically, the J-stop is

changed to achieve a desired spectral resolution, but it has

the secondary effect of changing the size of the beamspot at

sample, with larger apertures illuminating larger areas. In a

typical ATR-SEIRAS experiment, the J-stop is adjusted to

maximize the illuminated area on the working electrode

portion of the principal reflecting plane of the IRE.

Sacrificing spectral resolution for higher light throughput

is desirable for condensed matter measurements from a

signal-to-noise (S/N) perspective. This is verified in Fig.

3b, which plots the inverse of the noise level of the ATR-

SEIRAS spectra shown in part (a) of the figure as a function

of the aperture area. The inverse of the noise level is found

to be proportional to the aperture area, which is the

expected result when the source overfills the aperture.

The slope of the line in Fig. 3b is k¼ 6.2� 103mm–2. In

surface sensitive infrared spectroscopy, where the absorb-

ance is the product of an effective molar absorption coef-

ficient and the surface concentration of adsorbed

molecules, the signal should be independent of the aperture

area when one assumes a spatially uniform surface enhance-

ment factor. Consequently, a plot of S/N versus aperture

area is expected to be linear with a slope equal to the

product of the inherent absorbance of the system and k.

Using the experimentally measured signal value for the

1 mm aperture (Fig. 3a), the expected dependence of the

S/N is plotted in Fig. 3c as the red line. The measured S/N

ratios plotted in Fig. 3c are clearly significantly below the

expected values for higher apertures and indicate that the

surface enhancement factor for the electrodeposited gold

islands is not homogeneously distributed across the surface

of the IRE.

Mapping the ATR-SEIRAS Response

We recently reported the development of a horizontal ATR

microscope end station at the mid-IR beamline at the

Canadian Light Source (CLS) that allows for the measure-

ment of ATR spectra with a spot size of �150mm.42 We

have used this beamline to chemically image H/D isotope

exchange processes occurring in microfluidic devices

printed directly onto a Si m-groove IREs.43 In this study,

the endstation was combined with the FcC11SH system in

an effort to correlate the spatial distribution of the IR signal

with structural heterogeneity on the electrodeposited

Au@ITO layers on the Si m-groove IRE. To facilitate com-

parison, the exact same modified Si m-groove IRE used in

the conventional spectrometer was transferred to the hori-

zontal microscope. Figure 4a shows a schematic represen-

tation of the cross-section of a Si m-groove IRE under focus

at the horizontal microscope, whereas Fig. 4b shows a cor-

responding plan view. The electroactive surface area, as

defined by the Viton O-ring of the spectroelectrochemical

cell, is shown as a black circle in Fig. 4b. The Si m-groove IRE

was positioned such that the beam was focused at the

origin (black dot in Fig. 4b), chosen to be the position at

the approximate center of the wafer, which gave a max-

imum IR signal. Figure 4c shows the results, at this position,

of the potential-dependent FT-IR measurement of the

FcC11SH SAM during anodic potential steps from +0.2 V

to +0.6 V versus Ag/AgCl. Qualitatively, the spectra are

very similar to those obtained on a conventional spectrom-

eter (Fig. 2a). However, a comparison of the S/N of the

spectrum at þ0.6 V in Fig. 4 with the equivalent spectrum

at 1 mm aperture (viz. Fig. 2a) is about 50% higher on the

horizontal microscope. This demonstrates an appreciable

synchrotron advantage caused by the greater geometric

étendue of the synchrotron.42

A series of mapping measurements were performed by

translating the Si m-groove IRE in the y-axis direction (as

indicated by the green arrow in Fig. 4b) in 100 mm incre-

ments. Figure 5a shows the potential difference spectra for

the FcC11SH SAM over a single period of the groove pitch

Figure 4. (a) Schematic representation of the Si m-groove IRE in

cross section and (b) as viewed from underneath. (c) Potential-

dependent ATR-SEIRAS spectra of FcC11SH measured on the

groove at the orgin position. Reference spectrum was collected at

þ0.10 V versus Ag/AgCl.

1202 Applied Spectroscopy 75(9)



(�700 mm). Figure 5b plots the S/N of the perchlorate

absorption band and the absolute value of the detector

signal as a function of position along the y-axis. The origin

of the periodicity in the IR signal amplitude was previously

reported42 and is caused by off-reflection of the incident IR

beam, when increasingly misaligned with a groove wall.

Severe degradation of the S/N is observed when the

beam is offset more than �200 mm from a position of max-

imum intensity in the integrated detector amplitude.

Nevertheless, the three S/N maxima in Fig. 5b are very

similar and indicate that within the 2 mm of travel (centered

about the origin) along the y-axis, the quality of the SEIRAS

measurements is largely independent of position. It is con-

venient to map the ATR-SEIRAS response by moving the

beam position along one groove face, i.e., along the x-axis

(blue arrow in Fig. 4b). Figure 5c shows the IR spectra of

FcC11SH oxidation at various positions along a single

groove, starting from the center of the electroactive area

to an edge position. When the IR beam is focused near the

center of the of the electrodeposited Au@ITO electrode,

the magnitude of the FcC11SH IR signals is at their max-

imum. In fact, the bands have about 30% greater magnitude

than those in the spectra collected on the conventional

spectrometer using a 1 mm aperture. This highlights the

capability of the horizontal microscope to achieve excellent

SEIRAS spectra quality by selectively interrogating a small

area of high enhancement. Moving the sampled position

towards the edge of the electroactive area over a distance

of 2 mm results in a stark decrease in signal strength for all

IR modes with a concomitant increase in the noise level.

The methylene and Cp C–H stretching modes are barely

above the noise at the position furthest from the origin.

Figure 5d plots the IR signal of the ring (C–H at 3106 cm–1)

and methylene bridge (C–H at 2918 cm–1) hydrocarbon

stretching modes as well as the ClO4
– anions (1096 cm–1)

with their corresponding position along the groove of the Si

m-groove IRE. The result clearly highlights significant hetero-

geneity in SEIRAS response, as each of the IR modes experi-

ence a reduction in signal amplitude of more than 50%.

Origin of the Heterogeneity in the ATR-
SEIRAS Response

The data above clearly indicate that the quality of the ATR-

SEIRAS spectra significantly depends on the area of the

Au@ITO substrate being irradiated. However, it is unclear

whether the spectral changes in the FcC11SH spectra are

related to heterogeneity in the SAM coverage, the SEIRAS

activity of the electrodeposited Au@ITO, or a combination

of both. To investigate the origin of the heterogeneity, SEM

Figure 5. Mapping the heterogeneity of the Au@ITO-modified Si m-groove IRE using the potential-dependent ATR-SEIRAS spectra of

FcC11SH. (a) Spectra collected at different positions, as measured from the origin, over the period of a single groove. (b) Correlation

between light intensity on the detector (black points) and S/N ratio of the perchlorate peak (red points) over several grooves.

(c) Spectra along a single groove moving from the centre position toward the edge position. (d) Signal levels as a function of position

along the direction of a single groove.
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images in Fig. 6 show the Au@ITO surface at the center of

the (a) electrode area and (b) towards the edge. Based on

image analysis, the electrodeposited Au coverage on ITO

can vary from a 91% coverage at the center to only 34%

coverage at the edge.

The electrodeposited Au layers change from an almost

continuous layer of Au with some multilayer features in

Fig. 6a to sparse individual grains with a mean grain size

of �500 nm in Fig. 6b. The SEM images demonstrate that

the variable Au nanoparticle density is the likely source of

the pronounced differences in the IR signal in the SEIRAS

measurements. The trivial explanation is that the lower

gold nanoparticle density on the periphery of the working

electrode leads to a corresponding lower surface concen-

tration of FcC11SH molecules in the beamspot. However,

this simple explanation is likely incomplete as the SEM

image analysis would predict an approximate three-fold

lower thiol concentration as opposed to the two-fold

decrease in signal as per Fig. 5. Surface enhancement factors

are known to be dependent on grain size and structure of

the metal layer,44 making it likely that the more percolated

gold layer in Fig. 6a has a fundamentally lower enhance-

ment factor than the more discrete gold nanoparticles

found further from the center of the electroactive area.

In principle, effective medium theories can model the

enhancement factors of different packing metallic particles

densities.18,44–46 However, they generally only provide

results that qualitatively match experimental results due

to the required oversimplification of the nanoparticle

geometry. Improvements in optical modeling, or the use

of more precisely geometrically defined nanoparticles,

would be of great value in differentiating the roles of

effective SAM surface concentration from the fundamental

differences in enhancement factors arising from different

metallic film densities.

Conclusion

The self-assembly of a redox-active monolayer of a ferro-

cene thiol molecule has been studied using ATR-SEIRAS.

The potential-dependent redox behavior of the ferrocene

SAM in an IR spectroelectrochemical cell was found to be in

very good agreement with the known propensity of this

system to give kinetic and thermodynamic dispersion.

Applying potentials that oxidize the ferrocene headgroup

lead to strong changes in the IR response, consistent with

the ingress of perchlorate counterions and both a reorien-

tation of the alkyl chain backbone and a rotation about the

C–Cp bond. The potential-dependent changes have pro-

vided a convenient system to study heterogeneity in

SEIRAS active films formed through the electrodeposition

of gold nanoparticle islands. The consequence of the dis-

tributed nanoparticle density was only observed on a con-

ventional spectrometer equipped with a conventional ATR-

SEIRAS optical arrangement by changing the J-stop aper-

ture. Transferring the sample to a horizontal ATR micro-

scope and using SIR radiation allowed the heterogeneity to

be mapped in two orthogonal line scans. The ability to

select a smaller area of the SEIRAS substrate using the

horizontal ATR microscope endstation leads to a factor

of two improvement in the absorbance magnitude.

Although the geometrical fill factor of the electrodeposited

gold provides a simple explanation of the higher signals

obtained from certain regions of the surface, a nanoparticle

density-dependent contribution to the intrinsic enhance-

ment factor is also operative. The current work demon-

strates that the horizontal ATR microscope, when

combined with SIR, is a powerful tool to study spatially

distributed heterogeneity in (electro)chemical reactions.

We are currently working to improve the de-magnification

factor of an imaging detector (e.g., focal plane array)

installed on the horizontal ATR microscope.43 Once

these improvements are realized, the instrument will pro-

vide nearly an order of magnitude better spatial resolution.

We envision that such a tool will be highly valuable in

assessing heterogeneity in catalyst layers under in situ or

operando electrochemical conditions.
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