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Infrared Spectroelectrochemical Configurations for In situ Measurements

NEBOJSA S. MARINKOVIC" and RADOSLAV R. ADZIC!

Synchrotron Catalysis Consortium and Department of Chemical Engineering, Columbia
University, New York, NY 10027, USA
!Department of Chemistry, Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract: The choice of infrared (IR) spectroelectrochemical configurations and accessories
depends on the type of reaction investigated. Mostly used system is Otto configuration where the
electrolyte is squeezed between the electrode and the internal reflection element (IRE). However,
another system with the film electrode deposited directly onto the flat side of the IRE (Kretschmann
configuration) gains popularity, not only because of the increase in sensitivity, but also as it allows
electrochemical reactions involving gas evolution. By using Fresnel equations for three-phase
stratified medium we show that the strength of mean-square electric field (MSEF) at the
metal/solution interface associated with the dissipation of energy onto the adsorbed species in
Otto configuration is rather flexible in the choice of optimal angle of incidence of the IR radiation
and the thickness of the water layer. On the other hand, Kretschmann configuration is very
sensitive to the parameters of the optical system, so the calculations of the MSEF are necessary
to identify the optimal angle of incidence and the thickness of the metal layer that give maximal

enhancement in the mid-IR region where the bands of interest occur.

Keywords: Kretschmann configuration, Otto configuration, IRRAS, Electric Field, Fresnel

equations

RUNNING TITLE: Electric filed strength calculations

INTRODUCTION
Since the pioneering works in Infrared spectroscopy and the development of
Fourier Transform infrared spectroscopy (FTIR), it became obvious that a number of
materials cannot be investigated by the simple transmission method. A variety of

techniques including attachments for specular reflection, reflection-absorption, attenuated
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total reflection and diffuse reflectance spectrometry were developed for investigation of a
flat surface of thick and thin absorbing material, liquids and powders. * ? These
attachments were essential in analysis of various surfaces, including corrosion products
and inhibitors, as well as in the analysis of the growth of metal protective layers and film
thickness, giving insights in both organic and inorganic chemical reactions. In
electrochemistry, a special attachment was developed for the study of species adsorbed

on metal/electrolyte interface.

Following the pioneering work on IR reflectance spectroscopy at metal surfaces, *
6 the application to studying electrode/electrolyte interface was described in the sixties. -
10 The most common configuration (termed Otto configuration) for internal infrared (IR)
spectroelectrochemistry consists of internal reflection element (IRE), solution and the
metal electrode in which the IR beam traverses through the infrared-transparent IRE
(prism or hemisphere) of a high refractive index and totally reflects from the IRE/solution
interface. 11 12 Simultaneously, an evanescent wave develops at the interface and
propagates further into the rarer medium (solution). If the electrode surface is positioned
within the reach of the penetration depth of the evanescent wave (1-3 um), the reflected
beam traveling to the IR detector is attenuated and carries the absorption of species in
the electrolyte and at the metal surface. If the metal surface serves as the working
electrode in an electrochemical setup, the difference in the electrode potential induces
rearrangement of species in the electrochemical double layer and can be monitored by
the technique. The reflected beam Ro at the potential Eo that is outside of the potential
region in which the studied electrochemical reaction takes place contains the information
of the solution species only and can serve as the reference signal. At the potential where
the reaction takes place Ei, species in the solution layer and those adsorbed on the
electrode surface rearrange so that the reflected IR beam (R1) contains the information
on them. By subtracting the reflected IR signals at the two potentials and scaling to unity
by dividing the difference with the reflected beam at Eo, the resulting spectrum -AR/R =
(R1-Ro) / Ro contains both positive and negative peaks arising from accumulation and
depletion of species in the optical path. It can be shown that this subtractively-normalized

signal (-AR/R) is proportional to absorbance. 13

Otto configuration is applicable to most electrode surfaces including smooth

polycrystalline and single crystal surfaces, as well as on the powdered catalysts
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embedded into a conductive medium (e.g. carbon) and attached onto an electrode of
inactive material (e.g. gold). % 3 A great volume of literature deals with the Otto
configuration and its applications to electrochemistry. 417 On the other hand, considerably
less work in spectroelectrochemistry uses another configuration in which the solution and
the working electrode are interchanged. In this setup, the working electrode is in the form
of a thin metal film deposited directly on the flat surface of the IRE element and the solution
layer is semi-infinite, thus allowing gaseous products to escape (Fig.1). In addition, the
later configuration that is usually referred to as Kretschmann configuration is a powerful
tool for adsorbates at the metal surface because high-absorbing effects of the solution
layer are avoided. *® As shown further, the electric field strength (EFS) that probes the
metal/solution interface can be orders of magnitude higher than that of the Otto
configuration. 1° Unfortunately, Kretschmann configuration is applicable only to a limited
number of electrodes consisting of metal layers that can be deposited onto the IRE in a
film of a thickness of a few tens of micrometers. Consequently, neither single crystal

surfaces nor powdered catalysts can be studied.

The sensitivity of both configurations depends strongly on the incidence angle at
the metal/solution interface. In the present paper, we discuss the optimization of both
configurations, based on the theoretical calculations of the electric field strength and show

that a slight misalignment can result in the several times lower sensitivity.

RESULTS AND DISCUSSION

Calculation of the electrical field in this work is based on the equations developed
by Hansen. 20 21 The difference in the formulas in the two works arise from the choice of
the sign of the imaginary term in the complex index of refraction fi. In this work the positive
sign (i = n +ix) is used, as in the later work by Hansen. ?! These equations can be inserted
into a number of mathematical programs that support complex number calculations (e.g.
Math Lab or Mathematica) and/or certain widely used programs (Microsoft Excel), as well

as web-based programs (Wolfram Alpha). %2
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Electric field and reflectivity calculations

For the calculations presented below, we used the three-layer system comprised
of zinc selenide, platinum and water phases, where the thicknesses of the first and third
phases are assumed infinite, and the thickness of the second layer is h in the direction of
propagation of the IR light. The optical constants for ZnSe, platinum and water are
available in the literature. 22 The optical constant for dilute aqueous solutions is assumed
to be close to that of water. The difference in the calculations below is in the placement of
the solution layer and is explicitly specified.

When an electromagnetic radiation passes from one phase into the next, its speed
and strength depend on the indices of refraction of the two phases. The index of refraction
is usually expressed as a complex number, i = n + ik, consisting of the real part n
expressed as the ratio of the speed of light in vacuum relative to that in the phase (n =
c/v), and the extinction coefficient x that is related to the attenuation of the light in that
phase. For optically transparent phases, the extinction coefficient is zero, and for
absorbing phases where x> 0, the light is attenuated by the medium and its electric field
exponentially decays, as expected by Beer’s law. The penetration depth, or the distance
at which the electric field decays to 1/e, depends on the extinction coefficient as dp =

Aold i, where Ao is the wavelength of the radiation in vacuum.

The refraction of light for two-phase system is described by Snell’'s Law, which is

in the general form: 20
nisin 6L =fisin 4, (Ea. 1)

where phase i is any phase in the stratified medium, the phase 1 is assumed optically
transparent so that i1 = ny and é: is real, and the angles & and & (which is generally
complex) are measured towards the surface normal. In the case of the light propagating
from an optically denser into optically rarer medium (n1>n2) of a two-phase system
(Fig.la), there exists a critical angle & = sin't (n2/n1) at which the beam is refracted parallel
to the interface of the two phases, i.e. & = 90° and sin é& = 1. At incidence angles larger
than &, & becomes imaginary and the refracted beam is reflected into the denser
medium, but carries the information on the absorption of species in the rarer medium. This

phenomenon applies even if the Phase 2 is absorbing, as long as x» << 1 and is utilized
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in infrared spectroelectrochemistry in aqueous solutions, as the extinction coefficient for
water in most of mid-IR range (4000 — 1000 cm™!) spans from 0.01 to 0.06 even around
OH-bending mode (~1600 cm™?). 23

In a three-phase system the direction of the refracted light depends only on the
refractive indices of the initial and the final phase, as the optical properties and the
thickness of the phase 2 affect only the magnitude of the Poynting vector of the transmitted
light (Fig. 1b). If the thickness of the 2" layer is small (h <), there also exists a critical
angle at which the total refraction occurs, & = sinl(ns/n1), and evanescent wave is
generated for 8> & when the extinction coefficient is k3 << 1. This phenomenon is used
in Kretschmann configuration. Therefore, it is not surprising that the same optical
arrangement setup can be used for both Otto and Kretschmann configurations.

The optical properties of a phase can be completely characterized using the
(dimensionless) magnetic permeability relative to free space x and the complex index of
refraction. Because most materials, including water and Pt, have magnetic permeability

very close to unity 24, the exact formulas given in Hansen 2% 21 can be somewhat simplified.

Phase 2 Phase 3

Phase 2

Phase 1

Figure 1. Two- (a) and three-phase optical system (b). The incident beam given by Poynting
vectors S; strikes the Phase 1 / Phase 2 interface at the angle @ that is greater than the critical
angle & and splits into reflected and transmitted portions S, and S;. The second phase of the three-
phase system has the thickness h.
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At the interface of any two phases, the polarization state of both reflected and
transmitted lights change. These effects are treated by Fresnel equations separately for
the two components of the light, i.e. the component polarized parallel to the plane
containing the incident, reflected and refracted rays (p-polarized light, or transverse-
magnetic), and the component perpendicular to the above plane (s-polarized light, or
transverse-electric). The absorption of a phase is given as the energy dissipated in the
unit volume of the phase per unit time and is defined as the product of conductivity oand
the mean square electric field (MSEF), <Ez?>. The conductivity o= nxv/uis related to the
optical properties of the absorbing phase and the frequency of the light v, whereas the
magnitude of MSEF depends on the refractive indices of all media in the light’s path, as
well as on thickness of the second layer and the angle of incidence of the radiation into
the first medium 6&:. All optical constants are assumed independent on the electrode
potential. Because of the surface selection rule,*® the light induces vibrations of molecules
that have dipole moment perpendicular to the surface (or parallel to the plane containing
incident and transmitted light), so the discussion that follows applies to the parallel

polarization only.

MSEF for p-polarized light for tri-phase system established at any point in the
phase 3 is shown to depend on the incidence angle of the light at the first phase
61, thickness of the second layer h, and the electric field magnitude incident to the first

phase at the time t=0:

2

<E2 o1 exp[—47z Im (A cosé@)%hyEgtl)z (Eq. 2)

3z 7
P 2

nte, sin o,

N

where nz is the index of refraction of the IR-transparent first phase (ZnSe), fiz and fiz are
complex refraction indices of the absorbing phases (water and platinum) and z represents
the distance measured from the phase 1l/phase 2 boundary. Fresnel coefficient
tep includes complex index of refraction fiz, thickness of the second layer h, wavelength of
the radiation A4, as well as transmitted and reflected parts of the light in each of the phases

of the stratified medium.
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Because the absolute value of Ep:%in Eq. 2 is generally unknown, it is customary
to express the relative magnitude of the electric field strength. It is equal to the ratio of the
MSEF established at the distance z in the direction of the propagation of the light, and that
incident to the first phase, <Ep3z?> / (Ep1®)?. As seen from Fig. 1, irrespective of the
placement of the second and third layer in the two configurations, the metal/water
boundary is always at the distance h from the boundary of the first and second layer
(where h is the thickness of water or the metal layer in Otto and Kretschmann
configurations, respectively). Therefore, (z-h) equals to zero, and the equation reduces to
(Eq. 2a):

<E? > 1

. 2
p3z rlltEp sin 61|

- (Eq. 2a)
A, |

(£2) 2

The portion of the light reflected back into the phase 1 could be calculated as:

. 2
2ip

R _ rp12 rp 23e
b=

(Eq. 3)

2ip
1+ Mo12Vp23€

where the Fresnel coefficient rpik depend on the reflected light portions at the boundary of

phases jand k, and g depends on the parameters of the second phase, =2z h ficosé/A.

Optical setup schematic

The setup for both Otto and Kretschmann configurations is essentially the same to
the one described earlier. 1% 25 The difference is that in the Otto configuration the IRE
should be polished to mirror finish, whereas in Kretschmann configuration a metal film is
deposited onto the flat side of the IRE. The best results are obtained if the IRE is an IR-
transparent, high refractive index hemisphere (see below). Besides the IRE, the setup
includes two first-surface (i.e. unprotected) gold mirrors (Figure 2). The original focal point
of the FTIR instrument’s internal chamber F is raised by the first gold mirror to the point
F’. If the distance d of the focal point F’ from the curved surface is precisely set to be d =
r/ (n1-1), where r is the radius of the hemisphere and n: is its refractive index, the IR rays
inside the hemisphere become collimated.?® That way the angle of incidence at the
working electrode/solution interface is well-defined, which is critical for this setup, as

shown further.
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Figure 2. Schematic representation of the attachment for in situ IRRAS in Kretschmann (left) and
Otto configuration (right). The IR beam from a FTIR instrument is focused into the focal point F.
The focal point is moved by the accessory’s first folding mirror to F’ in front of the curvature of the
internal reflection element (IRE) hemisphere of radius r, thus collimating the light entering the
hemisphere. The collimated beam strikes the IRE-electrolyte or IRE/metal interface at a precise
angle of incidence @ and, upon total reflection from the interface, refocuses by the hemisphere
curvature into the focal point F” and travels further towards IR detector after the reflection of the
second folding mirror. The distances are as follows: (a) distance from the internal chamber wall to
the folding mirror, (b) distance from the folding mirror to the focal point, (d) distance from the focal
point to the curvature of the hemisphere, (h) distance from the instrument’s focal point F to the flat
surface of the hemisphere.

The relative magnitude of MSEF and reflectance into the first layer at the
metal/water interface for p-polarized IR light were calculated for three wavelengths as a
function of angle of incidence for Otto configuration with the thicknesses of the water layer
of 0.5 um. The same quantities are also calculated for Kretschmann configuration, for the
thickness of the metal layer of 50 nm. The wavelengths of the IR light, 3.3, 4.9 and 9.9 um
(corresponding to the wavenumbers of 1010, 2040 and 3030 cm, respectively) were
chosen to be close to the prominent bands occurring in most spectroelectrochemical
investigations, like alcohol oxidation in acidic medium. For instance, sulfate and
perchlorate stretching bands of the supporting electrolyte, as well as several bands of
ethanol and its partial oxidation products, acetaldehyde and acetic acid, occur around

1000 -1200 cmt; linearly adsorbed carbon monoxide on most metal surfaces (COL) falls
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around 2000-2100 cm; and CHz and CHs stretching modes of most organics fall around

2800-3000 cm™. ?®> The results are shown in Figure 3.

Several important conclusions can be drawn from the plots in Fig. 3a: i) Relative
magnitude of the electric filed strength strongly depends on the wavelength of the
incoming radiation. The highest magnitude of the MSEF is seen with the shortest
wavelength (3.3 um); in comparison, the maximum of the MSEF at 9.9 um is 25 times
smaller. ii) The maxima of the MSEF peaks do not fall at the same angle of incidence, nor
they coincide with the respective critical angles; the maxima of MSEF fall at 37, 35 and
40° for A = 3.3, 4.9 and 9.9 um, whereas critical angles for those wavelengths are 36.5,
33.1 and 30.5°, respectively. iii) While the intensity of the MSEF peaks decreases with the
increase of the wavelength of the IR radiation, no apparent trend is seen in the
reflectivities. iv) The maxima of MSEF are always higher than the critical angles, as
expected. Lastly, v) the maxima of MSEF are always close to the minima of the reflectance
in the first layer. That too is expected, as the incoming radiation separates into transmitted
radiation that is exerted onto the phase 2/3 interface and the reflected radiation that travels
back to the Phase 1.

80

<E % /E 2

40 +

20

0, deg 0, deg

Figure 3. Relative Mean Square Electric Field magnitude at the metal/solution interface and
reflectance into the first phase (IRE) as a function of the incidence angle of the p-polarized IR
beam onto the layer 1 in Otto (a) and Kretschmann configuration (b). The thickness of the phase
2 was set to 0.5 um and 50 nm for the left and right plot, respectively. Vertical lines show the
critical angles for three wavelengths of the IR radiation.
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Conclusions similar to those above can be drawn from the MSEF in Kretschmann
configuration (Fig. 3b). However, the comparison of the two plots show some notable
differences. First, the MSEF strength at the phase 2/3 interface in the Kretschmann
configuration is considerably larger than that in Otto configuration; for instance, at 3.3 um,
the enhancement is about 80 times. Even larger enhancements are observed for the other
two wavelengths; for 9.9 um, the improvement in MSEF is almost three orders of
magnitude. Another significant difference is that the peak of MSEF almost coincides with
the critical angle, and falls in a much narrower range than that of the Otto configuration.
An important consequence of the MSEF — @ plot in Kretschmann configuration is that no
angle of incidence gives preferable enhancement at all wavelengths in mid IR range. For
instance, as the MSEF peaks between 31 and 37°, one would expect that the average
incidence angle of 34° would be the optimal compromise for the whole IR range. However,

the calculation shows that the MSEF at 3.3 um is only about 20% of the peak value.

MSEF and Reflectance, Kretschmann, 4.9 pm
800»|"'|"'|"'|"'|"1

700 [

0.8

600 |

500 1
[ < 0.6

400 |

Relative MSEF

300 f
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100 |

Figure 4. Relative Mean Square Electric Field magnitude at the metal/solution interface for p-
polarized light of the wavelength of 4.9 pm (2040 cm™) as a function of the angle of incidence into
the first phase 6, for the metal thicknesses of 5, 10, 20 and 50 nm (full lines), and reflectance into
the first phase (dashed lines) for ZnSe / Pt /H-0 tri-phase system in Kretschmann configuration.

10
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Figure 4 shows the MSEF at the phase 2/phase 3 interface and reflectivity into the
phase 1 for Kretschmann configuration at 4 = 4.9 um as the function of the angle of
incidence for various thicknesses of the metal layer (Phase 2). Logically, as the metal
layer increases in depth, the relative magnitude decreases in intensity. However, for very
thin films < 10 nm) the maximum of the MSEF is slightly reduced in magnitude. From the
plot, it follows that the optimal thickness of the metal layer should be less than 10 nm. The
maxima of the curves coincide among themselves and occur just above the critical angle
(6 = 33.1°at 4 = 4.9 um). The minima of reflectivities also coincide among themselves

and fall at the same incidence angle as the maximum of the MSEFs (~34°).

To explore further the dependency of the MSEF on experimentally controllable
parameters (¢ and h), we plotted the variation of MSEF as a function of the thickness of
the metal layer for the angle of incidence of 37°, which corresponds to the best angle of
incidence for the 4 = 3.3 um IR light, Figure 5. It shows that the optimal thickness of the
metal layer is only a few nanometers, but no metal thickness gives the highest
enhancement of the MSEF for the IR light in the whole mid-IR region. Furthermore, the

minima of the reflectance into the first layer do not coincide with the peak of MSEF.

From the plots presented in Figs. 3-5, it follows that MSEF for Kretschmann
configuration depends strongly on both the incidence angle and the thickness of the metal
layer. Unfortunately, both are difficult to control. Deposition of metals at nanometer
thicknesses rarely produces a uniform layer. Osawa et al. have shown that thin metal layer
with an average thickness of 8 nm consists of individual metal islands on top of the IRE.
21,28 |nterestingly, while their plot for the reflectance of polarized light is identical to Fig. 4,
their calculation for MSEF shows that it stays practically zero at all angles of incidence.
We ascribe this discrepancy to the distance from the phase 1 / phase 2 boundary where
the MSEF was calculated. In their case, the MSEF was calculated within the metal layer,
at the half of its depth. It is logical that the MSEF has to be large at the phase 2 / phase 3
boundary, as the experimental confirmation found in the same work shows a considerable

increase in signal-to-noise spectra in Kretschmann configuration.

11
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MSEF and Rp, function on thickness

Relative MSEF

Figure 5. Relative Mean Square Electric Field magnitude at the metal/solution interface for p-
polarized light of the wavelength of 3.3, 4.9 and 9.9 um (full lines) as a function of the thickness of
the metal layer, and reflectance into the first phase (dashed lines) for ZnSe / Pt /H,O tri-phase
system in Kretschmann configuration.

On the other hand, the angle of incidence of the IR light on the first layer is difficult
to control as well, especially in Kretschmann configuration where a slight maladjustment
(of no more than a degree) causes the MSEF to fall considerably. Furthermore, as
concluded above, no optimal angle of incidence nor thickness of the metal layer can
produce adequately large enhancement in MSEF in the whole mid-IR region. Thus, one
needs to select a region in which the most IR bands of interest are expected, and adjust
both the thickness and the angle of incidence correspondingly. This is expensive, as it
requires several IRE covered with different thicknesses of the metal layer, and a tedious

process that requires careful adjustment of the setup for every experiment.

Some discussion of similar questions of electrochemical applications of UV-visible

reflectance spectroscopy can be found in reference 29.

12
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CONCLUSIONS

We show that a single setup for spectroelectrochemical accessory can be used for
both Otto and Kretschmann configurations that differ in the placement of the metal and
solution phases. The setup involves a hemispherical internal reflection element and
adjustment of the focal point of the IR light to a point before the curvature of the IRE. With
the help of the calculation of the mean-square electric field (MSEF), we show that both
angle of incidence and the thickness of phase 2 strongly influence the magnitude of
MSEF. While the peaks of MSEF for different wavelengths of the IR radiation in Otto
configuration are rather broad so that one particular angle of incidence can produce
enhancement at all wavelengths in mid-IR region, no such enhancement is possible with
the Kretshcmann configuration. However, the MSEF calculation can help in identifying the
optimal thickness and angle of incidence for a particular range of IR radiation in which the
peaks of interest occur. The optimized spectroelectrochemical configurations is
instrumental for identification of species in the near-surface layer and their behavior during

the potential excursion.
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N36op koHdurypauuwja 3a uHdpaupeeHy (ML) cnektpoenektpoxemujy 3aBucu og Tuna
ucnutnBaHe peakumje. Hajuyewhe kopuwheH cuctem je OTo Kodourypaumja y Kome ce
eneKkTpoNuT CTUCHE M3Mehy enekTpoae WM enemeHTa yHyTpawwe pednekcnje (UPE).
MeRyTum, opyrn cuctTemM ca enekTpoaom y obnuky omnma enoHOBaHOTr Ha paBHY CTpaHy
MPE (KpeumaH koHdurypaumja) gobuja Ha nonynapHOCTW, He camo 36or noBehawa
oceTrbuBoCcTU Beh n 3aTo WTO omoryhyje ncnutMBama enekTpoxXxeMmjckux peakumja npu
Kojum ce u3gBaja rac. Kopuwhewem ®PpeHenoBux jegHaymHa 3a TpodpasHe crojese
nokasasiv CMO [ia je jaunHa enekTpuyHor norba Ha goampy asa metan — pacTeop, a TuMe
N KONMWYMHA eHepruje u3padvyeHe Ha apcopbosaHe 4ectuue y OTO KOHurypaumjm
npunmMyHo donekcmnbunHa y nsdopy ontumandor ynagHor yrna WL spaderwa n gebrouHe
cnoja Boge. Hacynpot Tome, KpeumaH KoHdurypaumja je Bprno oceTrbMBa Ha napameTpe
ONTUYKOr CMCTEMA, TaKo [a Cy n3padvyHaBaka jaumHe enekTpUYHoOr norba notpedbHa Kako
OuM ce npoHawnu onTumanaH ynagaH yrao u gebrbuHa MeTanHor croja Koju aajy
MakcumMarHo nojavamne y cpearwem VL nogpyyjy rae ce nojaBrbyjy Tpake of MHTepeca.
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