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Abstract

Spectra of thin highly absorbing Nafion films doped with Ru(lapyon SF11 glass substrates were studied by internal reflection spectroscopy
using a single reflection configuration. For the system under study, two modes of light interaction with the film are available: attenuation
due to evanescent wave penetration and light propagation within the absorbing film. Unlike evanescent wave spectroscopy, light propagatio
within the film causes distortions in the measured spectra due to leaky waveguide propagation modes. Upon light propagation in a film dope
with Ru(bpy)?* spectral shifts up to 50 nm to longer wavelengths can occur and additional absorbance peaks can appear in the spectra. The:
film-based distortions depend on the complex refractive index, the thickness of the film and the angle of incidence. These effects becom
significant for an extinction coefficient above 0.01 and a film thickness above 200 nm. It is shown that spectral distortions can lead to quite
complex dynamics in the internal reflection spectra upon analyte preconcentration in the film. Ei(bast)tioning into the Nafion film
causes significant refractive index changes that in turn alter leaky waveguide mode conditions in the film and, can even lead to a reduction c
measured absorbance despite the increase in the extinction coefficient of the film.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cantly lower detection limits. The electrolysis potential and
wavelength offer additional selectivity complementing that
Currently we are developing a new type of spectroelectro- of the film providing, in all, three modes of selectivity. We
chemical sensdil,2]. The most utilized form of the sensor have successfully used such sensors even in a complicated
consists of a multiple internal reflection element coated with and harsh radiochemical environméit
a transparent indium tin oxide (ITO) film that is then over- Attenuated total reflection (ATR) spectroscopy is intrin-
coated with a chemically selective filff,3] (seeFig. 1). In sically a surface technique that essentially probes only the
order to be detected the target analyte must partition into thefilm and excludes interferences (e.g., other chromophores) in
selective film and undergo an electrochemical transforma- the bulk solution that lack affinity for the film. However, the
tion that gives an optical signal (absorbance, fluorescence)optical spectroscopy of the analyte in the selective film exam-
change. It is obvious that the chemically selective film plays ined by internal reflection is complicated by several factors.
a critical role in sensor performance. The film selectively First, the attenuation of light at each reflection depends on
preconcentrates the target analyte, often to a concentratiorthe intrinsic optical properties of the materials involved and
approaching one molar, and generally this leads to signifi- the geometrical factors of the system. Unlike normal inci-
dence transmission spectra of bulk samples with a long path
* Corresponding author. Tel.: +1 513 556 9213; fax: +1 513 556 9239, length, internal reflection spectra of thin films are conditioned
E-mail addresscarl.j.seliskar@uc.edu (C.J. Seliskar). much more by reflection at the absorbing film interface and
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= ; ers exhibited distortions in comparison with attenuated total
o™ TeFilm reflection spectra and show an interference pattern due to the
electrode film. Prostak et glL4] showed that thin (~5nm)
Fig. 1. The principal features of the spectroelectrochemical sensor are gold electrodes are suitable for measuring undistorted ATR
showr_m. The two dgrkgned boFtom layers represent in_dium tin oxide and the spectra.
chemlc_all){ selective films. Thlfzkness of these_ layers is not Fo s_cale. Dashed In an effort to improve our understanding of the spectro-
circles indicate several reflections and refractions at each film interface that . L
coherently add (see inset) due to the small thicknesses of the films. electrochemical sensor, we have turned to an examination ofa
directly related but simpler system as a prototype. In a recent
study of such a system we were able to measure, in real time,
by the interference of light within the film itself. Both of the detailed optical constants and film thickness changes in
these effects are sensitive to the angle of incidence and theNafion induced by a model analyte (Ru(bgd) as it parti-
refractive indices of the media. In addition, the interference tioned into the filn{15]. In this paper we describe the optical
is sensitive to the thickness of the film(s). Second, the dy- waveguide properties of the chemically selective film using
namics of the chemical processes in the film (diffusion and that same model system. We are specifically interested in un-
electrolysis) produce both optical constant changes and, inderstanding the implications of sensing analytes over broad
most chemically selective films, also significant thickness concentration ranges where such films incorporate analytes
changes. These film variations can lead to complicated dy-with huge preconcentration ratios. In such applications, film
namic behavior of measured spectra. Nonetheless, the goal otoncentrations depend on the time used for absorption and
understanding the details of the physical optics of the spectro-the analyte concentration in the sample. As aresult, the same
electrochemical sensor, although complicated, is achievable film used over time may present low absorbances that require
The optical properties of thin films are well knoy 6] and ATR spectroscopy or absorbances that are high and outside
well established theory can adequately describe them pro-of the Lambert—Beer linear region of measurement. It is in
viding the optical constants and thickness of all films are this latter concentration regime that we have found severe op-
known. tical distortions leading to non-linear responses as discussed
The literature dealing with the chemical spectroscopy of below. In this paper we present new experimental and the-
thin films has mainly treated films examined by infrared light. oretical results before, during and after analyte partitioning
Infrared spectra of thin films by reflectance, transmittance andinto a film from solution.
internal reflectance methods have been discussed by several
investigatord7—11]. There are several such reports that are
particularly relevant to our work. Hawranek et al. in a series 2. Experimental
of paperg7-9] discussed sources of errors affecting infrared
transmission measurements on neat liquids in thin layer cells.2.1. Reagents and materials
In this case the strong anomalous dispersion of the refrac-
tive index of the liquid in a region of strong absorption and The following chemicals were used as received: Nafion
the interference of light within the thin layer itself required 5% solution in water and lower alcohols (Aldrich), NaOH
calculations of the true spectrum of the liquid from experi- (Fisher, analysis grade), tris(2Ripyridyl)ruthenium(ll)
mental measurements. Gur{d®,11]explored theoretically ~ chloride hexahydrate, (further Ru(bg¥y, Aldrich), 3-
the infrared absorbance band maximum position variation asaminopropyltrimethoxysilane (further APTS, Aldrich). SF11
a function of thin film thickness and compared results with glass (Schott), SF18 8060°-60° prism (Edmund Scien-
experimental transmission spectra of a silicon dioxide film tific), index matching fluid (p = 1.640, Cargille). The deion-
on a silicon substrate. These results nicely demonstrated azed water was obtained using a Barnstead water purification
relationship between the absorbance maximum position andsystem (18 MQ2). All reagents were used without further pu-
the refractive index of the substrate, the oscillator strength of rification and all solutions were prepared using deionized
the absorption band, and the thickness of the absorbing film.water.
In general, it was found that only in the limit of infinitely thin
film thickness, did the band maximum position coincide with 2.2. Preparation of Nafion films on SF11 glass
the true vibration frequency. Holm et al. described theory for
an attenuation coefficient determination of thin films by ATR Schott SF11 glass was cutinto 1 st cm x2 mm slides
spectroscopy in the infrared region. It was shown that mea- and polished (for details s¢&5]). Polished slides were then
sured spectra are complicated by interference of light and arewashed with methanol, Alconox detergent and extensively
dependent on thickness and refractive index of the [flI&]. rinsed with deionized water and left overnight in aqueous

\//// There are fewer literature reports on thin film induced op-
5 VW - tical effects on the electronic spectra of films of absorbing
','..“5'“ W ' materials. Srinivasan and Kuwafis8] studied bulk solution
o, - spectra of eosin Y in the presence of a transparent conductive
A A " Sample electrode. Spectra measured in the presence of electrode lay-
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films doped with Ru(bpy?*. Experimental absorbance then
was calculated as:

Ryet.(X

A(A) :Iog( ref.( )
Rdoped filn{2)

whereR stands for the experimentally determined reflectance

for the reference and doped films.

2.5. Calculations

Experimental data were fitted and theoretical spectra cal-

Fig. 2. The experimental arrangement is shown. The diagram numerals areculated using Woollam WVASE32 software. The computa-

as follows: 1 — lamp; 2 — polarizer and collimating optics; 3 — detector; 4 —
SF18 prism; 5 — SF11 slide with film (film depicted with gray layer); 6 —
rotation stage; 7 — flow cell.

2 M NaOH solution for surface activation. Activated slides

were rinsed with deionized water and placed in 5% APTS
solution in acetic acid buffer (pH =5.5) and kept overnight

at 85-90°C. Nafion solution was spin coated on prepared
slides at various spin rates (500, 1000, 6600 rpm) to obtain
the desired film thickness.

2.3. Absorbance measurements

The scheme of the experimental setup is depict&ign2.

tional approach uses the matrix method that describes light
propagation through a stack of thin filnfs,6]. An optical
model was constructed that consisted of a thin film sand-
wiched between semi-infinite glass and water (or air) layers.
The reflectance for any polarization of light and the derived
absorbance were calculated using this model. For contour plot
analysis a separate algorithm based on the matrix method was
written and executed in MathCad 2001. The angle for the ab-
sorbance maxima, the magnitude and the phase in the Airy
formula were calculated using this algorithm for the spectral
interpretation.

In all calculations, manufacturers’ material constants for
SF11 and SF18 glass and the published constants for water
were used17]. Experimentally determined optical constants

A Woollam ellipsometer’s xenon arc lamp and collimating o Nafion films previously determined by us were ufEg|.

optics were used as a light source (shown as 1 and 2). A

liquid cell (details in[16]), assembled from a base piece

(7), a gasket (not shown), a slide (5) and a cover piece (Not3  Theoretical background

shown), was placed on a rotation stage (6) and aligned. A
SF18 prism (4) was coupled to the slide with index match-
ing fluid (Cargille). Dynamic measurements of Ru(kgy)
uptakes were acquired atb8nd 62 (0) with respect to the
slide normal. Light coming from the prism was filtered with

a band pass filter (5143050, Esco Products) to reduce lightg — log
intensity at wavelengths longer than 500 nm, detected and

For an internal reflection experiment, “absorbance” can
be defined similar to that in a normal incidence transmission
experiment, namely,

( Iref. )
Isample

stored on a computer using an Ocean Optics 52000 specyherel,es. andlsampleare experimentally measured light in-

trometer. To maintain constant concentration of Ru(ppy)

in solution, 500 mL of aqueous:610-% M Ru(bpy)k2* were
continuously circulated through the cell at 10 mL mtrus-

ing a peristaltic pump (MaterFlex, Cole Palmer Instruments,
Co.).

2.4. Measurement of Ru(bgy} doped film spectra

Nafion films doped with Ru(bpy$* were obtained by
soaking films in 1x 10~ M Ru(bpy)?* overnight. Ellip-
sometry measurements were done on J. A. Woollam vari-

able angle spectroscopic ellipsometer (vertical setup). Re-

flectance spectra were obtained in the following way. A SF18
60°—60°-60° (Edmund Scientific) prism coupled witha SF11

tensities for a non-absorbing reference film (or prism only)
and an absorbing sample, respectively. Since ideally ab-
sorbance occurs only by attenuation of the light upon the
reflection, the theoretical absorbance of the sample can be
calculated as a ratio of reflectances between a reference and
the absorbing sample. In a case of a non-absorbing refer-
ence sample total reflection is achieved and reflectance is
equal to one. A non-zero extinction coefficient in the sample
causes attenuation of light and a concomitant decrease of the
reflectance. Thus, the expression for absorbance calculation
can be simplified and further rewritten as:

(o)
Rsample

A =log

glass slide was placed on the ellipsometer’s stage and alignedvhereRsampleis the reflectance of the absorbing sample.

perpendicular to the incoming light beam. Angular scans
from 45’ to 60° (with respect to the slide normal) were per-
formed. Spectra were obtained for Nafion films and Nafion

Despite the equivalent absorbance definition for internal
reflection spectroscopy, Lambert—Beer behavior is observ-
able only for small extinction coefficients. The sample ab-
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sorbance is directly related to the reflectance, which dependsreplaced by the corresponding complex refractive index, ~
on the optical constants and geometrical factors of the sampleand calculations performed using the same expressions.
(thickness of all films). In general, light interaction with ma- For the system depicted Fig. 3two important cases of
terials at a particular wavelength is described by the complex light propagation in the internal reflection configuration can
refractive indexyi = n + ik. The real part of the complex beidentified. In the first case, the refractive index of the filmis
refractive index (n) is usually called thefractive indexand higher than that of the substratg éang > ny). In this case the
it represents the ratio of phase propagation velocity in a vac- critical angle can be achieved only at the superstrate and film
uum versus that in the given material. The complex part (k), (1, 2) interface and, upon reflection, light always propagates
the so-calledxtinction coefficient, describes the attenuation into the film. In the second case, the refractive index of the
of the light in the material and is the counterpart of the molar film is less than that of a substratey¢an; > ny). Light can
extinction coefficient. propagate into the film if the angle of incidence is less than
At the boundary between two media with different re- the critical angle for the film. Above the critical angle with
fractive indices, incident light is separated into reflected and respect to the film, only the evanescent field component of
transmitted components. The amplitude of reflected compo- the reflected light penetrates into the film.
nents can be found from Fresnel coefficients and is afunction ~ The measured absorbance due to evanescent wave inter-
of the angle of incidence, the refractive indices of media and action with the film is determined by the penetration depth

the light polarization. Fresnel coefficients ®andp polar- and thickness of the filrfi.8]. The absorbance of a film or a
izations are: bulk sample at a single wavelength decreases with increas-

110089, — ny COSHy ing angle of incidence. For higher angles of incidence, the
rs = , and evanescent wave penetration depth and, thus, the absorbance

n1C0sPy + np C0SH, . .

decreases monotonically with angle.

ro = nz COSH1 — ny COSO2 A different picture is seen for light propagation into the

nz Costy + n1 COSH2 film. The film causes interference of all reflected waves (see
wheren denotes the refractive indexthe angle ofincidence, ~ Fi9- 3) and this greatly affects the magnitude of the ab-
and numerals 1 and 2 indicate values for each medium. ~ Sorbance. As opposed to an ATR spectrum of a bulk sam-

The reflectance from a film or a multilayer stack of films Pl€, the angular spectrum of the film at a single wavelength
is readily calculated by a coherent summation of all reflected €xhibits characteristic maxima and minife9]. The ab-
and transmitted components and requires knowing optical Sorbance maxima increase in magnitude and narrow with
constants and thickness of all filn,6]. For the simplest ~ increasing angle of incidence. The number of peaks is de-

case of a single film (Fig. 3), reflectance from the film can be términed by thickness of the film and its refractive index;
calculated using the Airy formula: their locations in a spectrum are determined by the phase dif-

. ference of light propagation through the film. The observed
ro1 + r12 exp(—i¢) absorbance peaks correspondetaky propagation modes
1+ ro1r12 exp(—ig) the absorbing film. A planar waveguide, that is, a high index
whererj; denotes the Fresnel coefficient for the interface be- filmenclosed between alowindex substrate and a superstrate,
tween mediaandj (0 —highindex substrate glass, 1 —absorb- sustains only discrete propagation modes. The light wave that
ing film, 2 — superstrate), * — indicates complex conjugated Propagates from one waveguide interface to another and back
reflectance coefficient. The quantitys the phase difference  Will exhibit the phase difference:

_ * _
Rsample— F'sampld'sample  "'sample=

due to light propagation in the film and is calculated as: A7 dnq cOSO;
—po1+ ————— —p12=2mm, m=123,...
Ard [ 5 . A
¢ =— nl—nOSIn290 ] ] ) )
A The introduced phase difference is due to total reflection at
whered is the film thickness and the wavelength of light.  interfaces, j (¢j terms) and propagation of light across the

The Fresnel coefficient and Airy formula are valid for light waveguide with thickness, andg; is the angle of incidence
propagation above and below the critical angle. In the casein the waveguide. The phase difference due to total reflection
of an absorbing material, the real refractive indexust be for s polarization explicitly is written as:

1/n% Sin? 61 — ”12
¢1; = 2arctanf —— ——*

ni COS6q
i /\/\/
In the system considered here, the absorbing film represents
1, \ \ \ a leaky waveguiding structuf20]. As a result, similar phase

conditions can be written. The termpg for a leaky waveg-
Fig. 3. Definition of a simple optical model undergoing internal reflection uide represents the phase difference due to partlal reflection

at a single absorbing film. The numerals denote: 0 — optical substrate; 1 —and is typically O orz. As opposed to true waveguiding,
film; 2 — superstrate (aqueous liquid medium). total reflection is achieved only on one side of the guiding

n,
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layer, the film/solution interface, and each reflection causes4.1. Internal reflection spectra of Nafion films doped
a partial loss of light from the film at the glass/film inter- with Ru(bpy}2*
face. Light propagation in the film can be achieved at any
angle but, similar to planar waveguides, the best propaga- Internal reflection spectra of bulk materials are not con-
tion conditions in the film are achieved if the phase dif- ditioned by optical interference and only vary slightly with
ference is equal to 2mmwherem is any integer as in the  angle of incidence. In this case, a complete picture can be
case of true waveguides. The absorbance minima in the an-obtained from a typical spectrum of absorbance as a function
gular spectrum are achieved if light has the least propaga-of wavelength at any specific angle. On the other hand, the
tion distance in the film that occurs for phase difference spectra of thin, highly absorbing films, such as those consid-
@m+ L)z, ered here, exhibit a more complicated behavior due to optical
interference. In order to demonstrate that, we have chosen
to use contour plots (absorbance as a function of angle and
4. Results and discussion wavelength) in our discussion. These contour plots represent
a large body of either experimental data or equivalent cal-
For a proof of concept of our spectroelectrochemical sen- culations and we herein refer to them as absorbance-angle-
sor we have used Ru(bpy) and Nafion as a model an- wavelength or, in shord—6-x contours.
alyte and film. Recently, to establish a more detailed un-  A—6-A contours of Nafion films of various thicknesses
derstanding of this system, we have studied the dynamicsdoped with Ru(bpy§?* are shown irFig. 4. In this and in
of Ru(bpy)?* uptake into Nafion film using spectroscopic subsequent contour plots the absorbance magnitude is indi-
ellipsometry[15]. This study quantified the partitioning of cated by grayscale. The angléHig. 4and in subsequent plots
Ru(bpy)2* into the Nafion film and yielded a description of  is the angle of incidence in the top medium (SF18 prism) that
the extinction coefficient increase of the film and the associ- was calculated from the experimental angle and the refractive
ated increase of refractive index as the partitioning processindex of the prism. The top panel of three contours represents
occurred. The general shape of the resultant extinction co-experimentally measured data; the bottom panel, the theoret-

efficient spectrum for a film with partitioned Ru(bpyJ re- ically calculated contours for the same films. The optical con-
sembles the normal absorbance spectrum obtained for dilutestants and thickness of the films, necessary for calculations,
Ru(bpy}?* in aqueous solutions. were separately determined by spectroscopic ellipsometry.
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Fig. 4. Experimental (top panels) and theoretical (bottom paielg}r contours for three Nafion films of different thickness (190, 480, 690 nm) doped with
Ru(bpy}?*. Absorbance is represented by grayscale and is simultaneously a function of wavelength and angle. The dotted contour lines connect iso-absorbin
regions.
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The polarizations (andp) were averaged for the calculated mentally studied system and, in turn, nicely illustrates some
contours to compare directly with experiment using unpolar- of the important aspects of thin film internal reflection spec-
ized light. The experimentally chosen angular range coverstra. For calculations, no dispersion of the refractive index
the interval between the critical angle with respect to water was assumed for air §1.00) and glass ¢+ 1.80). That
and the critical angle with respect to the film. This is just the assumption serves to clearly isolate the importance of the
angular range that can be used to obtain internal reflectioncomplex refractive index of the absorbing film itself. Optical
spectra for a film in contact with an aqueous medium. constants of the model film were calculated using a simple
The results inFig. 4 clearly illustrate the significant in-  Lorentz oscillator moddgR2]:
fluence of the angle of incidence and the film thickness
on the absorbance spectra (absorbance spectra correspond . Aj
to horizontal sections in each plot). Only the thinnest film " tik= e+ Z E2 — (hv)? — ihvB;
spectra (190 nm) unambiguously resemble the bulk sample 7 !
Ru(bpyk?* spectrum. The determined minimum in trans-
mittance spectrum obtained for aqueous Ru(gpypnd,

Lherefore, the max“ﬁum extlngtlonbcoeTC|ent, deterrlnlnedh the peak position of the resonance. All paramesgrs;, E;
y spectroscopic ellipsometry is about 455 nm wavelength 5o iven in energy units, namely, eV, and the same obtains

[15]. The a_le(l)_rbhalncehr_?agmulm in the thlnlnest 1;||Im (19_0 nm) for the optical constants. This particular model film contains
spectrum is slightly shifted to longer wavelength (maximum two Lorentz oscillators, that together exhibit an absorbance

a}t~462 nm). No other large distortions are °bseerd for this band qualitatively similar to that experimentally measured for
f"”_“ a.nd the absorbance decreases moving to higher anglesthe doped Nafion film. The values for parameters used were
of incidence. o £0 = 1.85, for oscillator 1 - 0.16, 2.75, 0.2 eV, (B;, ;) and

The A—6-2 contours of the two thicker films (480 and ¢, oseillator 2 - 10, 6,0.0001 eV, respectively. The compari-
690nm) also exhibit high absorbance around _wavelengthsson of the experimental optical constants of the doped Nafion
460and 4_70 nm, butnew features are also found inthe SPEClragm and the Lorentz model film used for calculations is shown
For both films high absor_bance spectral features are found aky Fig. 5. The principal features of both the strong absorbance
longer wavelengths and in a relatively narrow angular range. at 450 nm indicated bi and the associated anomalous dis-

:S—goe czn;elrg of tfhess n:g(()ima dligggt%ﬁr;_(lj 490 nm, af‘dl persion ofn are well represented by this simple model.
an nm for the an nm films, respectively. = the calculatedd—6- contour for the model system is

lThedbottom panel OF'l?' ﬁcontams the ;quwalent calgu- shown in Fig. 6. The calculated contour represents ab-
a:e gontlourls. C()jvera » the agreemegt etween %pr””l:_en'sorbance only fos polarization. The choice of one polar-
tal and calculated spectra is seen to be quite good. Looking;, »iq giows one to clearly identify interference maxima in

more cnﬂce;lly g_tf;[hls corrl;par;ason, It can l_)e geizn thal‘t trlleredthe calculated contour and relate the maxima to the phase dif-
IS a somewhat different absorbance magnitude for calculatetry o ces for light propagation within the film. A very similar

and experimental spectra, and this is especially pronounceqesult is obtained fop polarization with only slightly differ-

n hlghlﬁrapsorbmg. reg|or;]§ f:;(ther away frombthe egtt)mc-d entinterference maxima locations. The contour for randomly
tion coefficient maxima. This discrepancy can be attributed oo o ight is the superposition of the twandp polar-

to difficulties encountered in acquiring the reference sam- i, 4ion contours. Thus, the maxima in a contour for random

ple_splectra as wellfas”ﬂ:cT non-umfzrmlty (_wdg ;)nfra). The polarization are just determined by the numerical values of
optical constants of all films were determined by spectro- 4. ta0ce fos andp polarizations.

scopic ellipsometry that mainly is sensitive to the real part of
the refractive index. The imaginary part of the refractive in-
dex was found using Kramers—Kronig consistent mofls
and, thus, the accuracy of the extinction coefficient strongly
depends on the accuracy of the chosen model.
Analogous absorbance features (highly absorbing regions
and peaks tailing to longer wavelength) in calculated contours
appear systematically shifted to higher angles of incidence by
approximately a degree. This slight offset in angle could be
caused by a variety of things including a deviation in the
prism angles relative to those specified by the manufacturer,
or an angle offset introduced in the alignment procedure.
In order to understand the principal features in the internal
reflection spectra and associaeeh—». contours of a single Fig. 5. C;?mparison of optical c_onstants of'a Nafipn film doped with
. . . + . . Ru(bpyy-* and a Lorentz model film used for illustrative calculations. For
abS(_)rbmg film “k_e Ru(bp)g)z do_ped_Naflon, a S|mple the- Nafion film, the ellipsometrically determined refractive index and extinction
oretical model with one absorbing film was constructed. In coefficient are shown. Optical constants for the Lorentz model film were cal-
its main features this model closely resembles the experi- culated using a two oscillator model as described in the text.

wheree, is the high frequency limit dielectric constaw,
the amplitude of the oscillataj, the width of resonancég,
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Fig. 6. TheA—6-) contour (olarization only, see text) calculated for the model film is shown. Doted lines within the contour connect iso-absorbance regions
with magnitudes 0.3 and 0.9. On the right are shown angular (section A) and wavelength (section B) profiles through the contour at the wavelength 410 nm an

the angle 52.5 respectively. The dashed vertical lines in plot A denote the limiting critical angles (see text).

Contour arrow pairs A and B identify cross-sections taken additional absorbance maxima are present in the contour.
of data for insets to the right that clarify the main features of These maxima are all located on interference maxima (that
the absorbance versus wavelength and angle. Inset A showss, on the solid dark lines) and create high absorbance
absorbance as a function of angle at a fixed wavelength of“islands” similar to ones observed in the experimental
410 nm. Three distinct absorbance maxima at, 3% and contours (seéig. 4). For lower order interference maxima
35° are observed above the critical angle (~338ith re- these highly absorbing regions are located farther away
spect to the air/film interface. These maxima correspond to from the axis of the extinction coefficient maximum. The
the first three orders of the interference maxima where the location of highly absorbing regions in ti#e-6-) contours
phase difference for light propagation in the film constitutes is determined by two factors. First, the phase conditions for
2mmwith mvalues 1, 2 and 3, respectively. The solid black leaky waveguiding modes (2mare satisfied; second, the
lines on the contour itself indicate positions of these interfer- amplitudes of reflected wave at the film surface and the wave
ence maxima over the whole contour. Second inset B showsthat leaks out of the film are important.

the calculated spectrum at a single angle, 52Hat exhibits

Fig. 7is a combined plot that shows the absorbance spec-

three distinct absorbance bands. The shape of the angulatrum of the first interference maxima that are indicated with

spectrum (inset AFig. 6) is characteristic for a single ab-
sorbing film. Sinceng > ny > ny, there are two critical angles,
one with respect to the film/air (33.8and to the film/glass
(54.3) interface, the distorted part of the spectrum lies in a
range between these two critical angles. Above the critical
angle with respect to the film, a typical non-distorted internal
reflection angular spectrum is seen. Below the critical angle
the spectrum is distorted by interference exhibiting several
maxima and minima. The number of these features is deter-
mined by the complex refractive index, the wavelength and
the thickness of the film. Lower order maxima, appearing
at higher angles of incidence, are greater in amplitude and
narrower in angle than lower ones. In the calculated contour,

the interference maxima are present across the whole of the

wavelength range. Their positions systematically vary in a
way that resembles the shape of the anomalous dispersion o
the real part of the refractive index,

The regions of highest absorbance in the contour are
located on a vertical axis at wavelength about 450 nm
that corresponds to the extinction coefficient maximum.
Unlike the internal reflection spectrum of a bulk medium,

top black line in the contour plot shown ig. 6. Along with
calculated absorbance spectrum in this plot the magnitudes of
the two components in Airy formuladtr andrio exp(—i¢))
are also shown. For an absorbing film, these two parame-
ters are complex numbers and at the interference maxima the

N (9]
Absorbance

-

I'l'l'l'l"l'

T 1 T T T T T
350 400 450 500 550 600 650
Wavelength, nm

Absolute value of parameters

f

Fig. 7. The absorbance spectrum of the first interference maximum and the
magnitudes of the components of the Airy formula are shown. Absorbance
and magnitude of Airy formula components for each wavelength were cal-
culated at an angle where the phase difference betwggamdr 12 exp(—i¢)
equals tar.
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phase difference between thenmig, wheremis 1, 3, 5, etc. Experimental absorbance—wavelength—time contours for
In turn, the ternroy + r12 exp(—i¢) and, consequently, the re-  Ru(bpyk?* partitioning into Nafion films of various thick-
flectance, reaches a minimum. As can be seen ffamn7, ness are shown iRig. 8. In these contours, a vertical slice

highly absorbing regions in th&—6- contour occur when  through the contour gives the absorbance spectrum at the
two these parameters are of equal magnitude. In turn, thatchosen time. The top panel represents data acquired®at 50
causes the almost complete absorption of light by the film. the lower at 62. Several striking differences are apparent.
From the discussion of the simple Lorentz model above, a First, data acquired at the higher angle of incidence exhibit
few things can be concluded with respect to the experimental essentially non-distorted spectra, although considerably less
Ru(bpyx?* doped Nafion film contours. Since leaky mode in absorbance magnitude than data acquired at lower angle
absorbance maxima are a result of light interference in the of incidence. At 62, the magnitude of the absorbance and
film, any non-idealities in the sample film, such as surface the spectral shape is not appreciably affected by film thick-
roughness and internal non-uniformity of film, would alter ness. No absorbance maxima otherthanthe one that coincides
the magnitude of absorbance maxima. For example, fromwith the maximum of the Ru(bpy3* extinction coefficient
the experimental contours Irig. 4, it can be seen that the are observable.
690 nm thickness film exhibits less pronounced leaky mode  Ru(bpy}?* partitioning into Nafion observed at the lower
maxima than the 480 nm film. Thicker films are obtained by angle of incidence exhibits a more complicated behavior.
spin-coating Nafion solution at lower rates which, in turn, Only for the thinnest film (163 nm thickness) is the spec-
leads to a higher thickness non-uniformity in any thick film trum in time similar to an ATR spectrum with only the
and, consequently, to lower absorbance values than one mighevanescent wave penetrating into the film. Spectra for thicker
calculate. films (395 and 573 nm thicknesses) show considerable dis-
Two additional problems are involved in the experimen- tortions, a significant red shift of the absorbance maxima,
tal procedure. High absorbance requires measurement of lonand a new absorbance maximum is observed. For the 395 nm
light intensities and that leads to higher uncertainties in the thick Nafion film a new maximum appears during partition-
acquired data in regions of high absorbance. On the othering, then shifts to 490 nm, and subsequently disappears. Sim-
hand, for absorbance calculations, the baseline spectrum hagarly, the 593 nm thick film shows an additional maximum
to be determined. The determination of the baseline is notthat increases in magnitude and shifts to 492 nm persisting
always straightforward. The baseline could be measured foruntil film saturation.
a different film sample or acquired just as the light source  The dynamics of the ATR spectra of the thinner films (163
spectrum itself and leading to two possible definitions of the and 395 nm) match reasonably well with calculations. Calcu-
baseline. Both of these choices introduce an ambiguity whoselations predict no distortions for the thinnest film, and the ap-
underpinnings condition the absolute magnitudes containedpearing and subsequent disappearing of an absorbance peak
in acquired experimental spectra, especially in highly absorb- at 490 nm during Ru(bpy$* partitioning. Experimentally,

ing spectral regions. the thickest film shows a gradual increase of absorbance and
simultaneous shift of the absorbance maximum to 490 nm.
4.2. Ru(bpyy?* diffusion in Nafion The associated calculations, however, also suggest an ap-

pearing and disappearing peak due to the first order leaky

The optical effects discussed so far have described staticwaveguide mode as well as the subsequent appearing of an-
systems. The situation for dynamic systems is more compli- other peak due to the second order leaky mode at 490 nm.
cated. The conditions for interference in the film depend on However, no peak that would correspond to the first order
the complex refractive index and the thickness of the film. leaky mode was observed during the partitioning. In previ-
Dynamic changes of optical constants and the film thick- ously shown contours the first order absorbance maximawere
ness thus cause associated changes in the interference patonsiderably less in magnitude than the second order max-
terns or leaky waveguiding in the film. To show the influence ima, especially for the larger film thicknesses. These thicker
of leaky waveguiding modes on internal reflection spectra a films are poorer in optical quality due to the slow spin rates
set of Nafion films with various thicknesses were prepared that were used to produce them. In turn, poor film quality
and the partitioning of Ru(bpy3* into them was monitored  could disrupt the interference in film and, thus, lower the
by internal reflection spectroscopy in the visible region. The experimentally observed absorbance. While this is a plausi-
spectra were measured at two different angles. One set of exble explanation, we continue our efforts to understand these
periments was performed at§2allowing only penetrationof  discrepancies between experimental and theoretical data.
the evanescent wave into the film; another set was acquired at The principal factors that influence the absorbance are
50°, which allowed light propagation in the film. The Cauchy the refractive index, the extinction coefficient and the thick-
dispersion of the prism and the slide refractive index causes aness of the film. Our previous studies indicated that an air-
slight variation of the actual angle of incidence of light falling equilibrated Nafion film exposed to water underwent fast
on the film. The experimental conditions at@@rrespondto  swelling, up to 37% relative to the initial film thickness.
an angle range from 61°1at 380 nm) to 61.2(at 650 nm); During the partitioning of Ru(bpygf* into a water equili-
but for 50, from 54.4 to 54.2, respectively. brated Nafion film, relatively minor changes in film thick-
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Fig. 8. Dynamics of Ru(bpygf* partitioning into Nafion film observed at a5angle (top panels) and at6angle (bottom panels) are shown for three different
film thicknesses each. An absorbance scale is positioned above each set of panels indicating the range of absorbance measured. The thickness of each
measured before beginning each experiment is indicated in the upper left of each graph. Dashed contour lines connect iso-absorbing regions.

ness occurreffL5]. However, the incorporation Ru(bpy) by the phase conditions and the chosen angle of incidence.
into the Nafion film causes a considerable increase of the ex-On the other hand, thin film spectra do not exhibit such leaky
tinction coefficient of the film. Accumulation of Ru(bpy) waveguide mode distortions due to the small phase difference

in the film also leads to an increase of the film refractive that is introduced upon light propagation in the film.
index over the entire visible spectral region. The refractive
index and extinction coefficient are interconnected by the
Kramers—Kronig relationshif21], and the increase of the 5. Conclusions
extinction coefficient coincides with anomalous dispersion
of refractive index across the absorbance band. The studies presented in this paper showed that the ab-
The variations of optical constants of the film in time then sorbance spectra of thin films measured by internal reflection
continuously change the interference effects in the film. At spectroscopy can be severely distorted due to purely optical
the beginning of the partitioning process, when the film ex- effects. The absorbance spectrum not only depends on the
tinction coefficient is relatively small, the absorbance band extinction coefficient, but the refractive index and thickness
is close to the extinction coefficient maximum and the peak of film as well. For absorbance measurements two cases can
shape resembles an ATR spectrum of the bulk material. Uponbe distinguished — absorbance caused by attenuation of the
increase of the film extinction coefficient, interference ef- evanescent field and by the attenuation of light that results
fects within the film can lead to higher absorbance at wave- from leaky waveguiding in the lossy film. The latter case
lengths displaced to the side of the extinction coefficient peak. offers higher sensitivity, but is complicated by the intrinsic
Just this case was illustrated in the calculated contour for optical properties of a film. In an ATR spectrum of a bulk sam-
the simple Lorentz model shown Fig. 6. For a single an-  ple, the absorbance maximum is only slightly shifted from
gle absorbance measurement of a thick film, that could ini- the maximum in the molar extinction coefficient, perhaps on
tially appear as absorbance band formation close to the truethe order 10—20 nm in the visible region. Leaky waveguiding
Ru(bpy)s?* extinction coefficient maximum. Later in time in the film, on the other hand, can severely distort the spec-
that absorbance maximum shifts to lower or higher wave- trum, especially for a film with an extinction coefficieft,
length producing a shoulder in the original spectrum. The ac- above 0.01. The absorbance maximum can also be consider-
tual position of the maximum in the spectrum is determined ably shifted from the true maximum in the molar extinction
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