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Determination of Anisotropic Optical Constants and Surface Coverage of Molecular Films
Using Polarized Visible ATR Spectroscopy. Application to Adsorbed Cytochrome Films
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This article describes a method to determine the anisotropic optical constants and surface coverage of molecular
films using polarized attenuated total reflectance (ATR) absorbance measurements. We have extended the
transfer-matrix formalism to describe birefringent and dichroic films in ATR geometries and have combined

it with an iterative numerical procedure to determine the anisotropic values of both the)reatiimaginary

(k) parts of the complex refractive index of the film under investigation. Anisotropic values of the imaginary
part of the refractive indexkf allow for the determination of the surface coverage and one order parameter

of the film. To illustrate this approach, we have used cytochroifogt ) protein films adsorbed to glass and
indium tin oxide (ITO) surfaces. Experimental results show thatcdifims on these surfaces, which were
formed under identical conditions, have significant differences in their surface coverages(Q42mol/

cn? on glass and 21.% 0.9 pmol/cni on ITO); however, their order parametét®g0Care similar (0.30k

0.02 on glass and 0.3& 0.04 on ITO).

1. Introduction most transfer-matrix calculations of the electric field in ATR
| configurations have ignored the extinction coefficient (imaginary
part of the complex refractive index) of the absorbing layer by
implicitly assuming its value to be zero. A few wofkshave

Attenuated total reflectance (ATR) spectroscopy is a usefu
technique for studies of adsorbed molecular films because of
its enhanced sensitivity relative to direct transmission measure- S - - . -
ments. In addition, the probing electric field is spatially confined ncluded the extinction coefficient in the matrix calculation,
near the surface, which imparts a high selectivity for sampling although these _only considered the simplest case of an isotropic
surface events with negligible interference from bulk dissolved €Xtinction coefficient.
components. The use of a polarized light beam in ATR  Polarized ATR is routinely employed for studies of dichroic
absorbance measurements allows for the determination of thelayers, which mathematically should be represented by an
transition dipole strength along each lab coordinate axis and anisotropic extinction coefficient that allows for a different value
the associated optical anisotropy of a film under investigation. along each Cartesian direction. An anisotropic extinction
Since Harrick’s pioneering workmolecular dichroism calcula-  coefficient can affect the values one calculates for the electric
tions with polarized ATR spectroscopy are traditionally per- field, which will ultimately affect the molecular anisotropy one
formed by first determining the electric field intensities along determines for the dichroic layer. In addition to this limitation,
each Cartesian direction and then using the respective measuretfansfer-matrix calculations presented in the literature for ATR
absorbance values to solve for the transition dipole projection application$®have focused mainly on the determination of the
along each Cartesian direction. When dealing with either a two- Cartesian components of the electric field, which are essentially
phase system or a three-phase system in which the center layetised as auxiliary variables for subsequent calculations of either
can be approximated as an extremely thin film (on the order of (a) the polarized absorbance using anisotropic optical constants
a few nanometers for visible light) surrounded by two semi- determined (or known) by other means or (b) the anisotropic
infinite media, the expressions for the electric fields are readily optical constants from polarized ATR data. In configurations
availablé and the approach is straightforward. To calculate the where the thickness of the absorbing layer cannot be neglected,
electric field for more complex geometries several researchersthe electric field is no longer constant across this layer, and an
have employed a rigorous electromagnetic wave approach usingaverage needs to be evaluated to obtain accurate absorbance
a transfer-matrix, which relates the tangential components of results, which makes the overall calculation cumbersome as
the electromagnetic field from one interface to another interface already pointed out by AxelsénAn approach that overcomes
across the intervening layer. The matrix elements depend onthese difficulties was provided by Buffeteau ef atho reported
the optical constants and thickness of the layer. This formalism a transfer-matrix formalism and numerical procedure in which
was first developed by Ab&dein 1950 and since then has been the anisotropic optical constants are calculated directly without
a key analytical tool for designing multilayer stacks for optical explicit determination of the electric fields (although they are
interference filters; the approach is mainly known to the rigorously considered in the calculations). However, due to their
chemistry community through the work of HanseHowever, choice of spectroscopic techniques (normal incidence transmis-
sion and reflectiorrabsorption infrared spectroscopy (RAIRS)),
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the z-component; therefore the conventional transfer-matrix
formalism developed for isotropic media is sufficient to describe a)
their experiments. In an ATR experiment, because the TM
polarization contains electric field components in both xhe
and z directions, the optical constants in both directions are o L.
simultaneously present in the experimental results, and the g“'dmg\ /
isotropic transfer-matrix expressions cannot be applied. element, 7, 1, R

Following the seminal work of Berrem&and Yeh? Parikh
and Allard and Yamamoto and Ishi¢fthave outlined a general superstrate, 7

A

m+1,
transfer-matrix formalism to describe the interaction of polarized ’ s
light with a stratified multilayer stack composed of anisotropic ILI
layers. In this work, we apply this formalism to specifically
describe polarized ATR experiments involving an anisotropic b) \of E
molecular layer, and show a procedure to recover the anisotropic M ik [ / y
optical constants, the molecular surface coverage, and one order . X
parameter from the ATR data. First, we use the transfer-matrix n ikt

formalism to calculate polarized reflectané® yalues, instead
of the conventional approach of determining electric field values. T 7
Once reflectance is known, polarized ATR absorbangk ( v er 4
values are determined through the following expressiars-

S [eee

coe

— log1o(RY), wherer is the number of reflections at the interface Ryy=iky 3ty
between the molecular layer and the ATR guiding element. This ' k
approach circumvents an explicit determination of the electric Pty = oLy

field, which is implicitly and rigorously included in the transfer-  Figure 1. (a) ATR configuration showing the path of the light beam

matrix analysis. Variations in the electric field within an as itisincoupled, reflected down the ATR substrate, and outcoupled.

absorbing layer are automatically considered when calculating (b) Expanded view of the r_nultllayer structure show_lng our coordln'ate

reflectance (and consequently also absorbance), and the ap_§ystem where the—y plane is the sample plane and light is propagating
. o ! - in the x—z plane.

proach avoids the need to calculate electric field intensities at

every point across an absorbing film for an accurate absorbance

determination. Next, we extend the expressions of the transfer-through a transparent guiding medium (here called medium 0)
matrix approach to allow the molecular Iayers to have both a and impinges on a stratified assemb|y Composeuj] af‘bi'[rary
dichroic extinction coefficient (imaginary part of the complex |ayers (n = 1) and a semi-infinite superstrate (medium-+
refractive index) and a birefringent refractive index (real part 1). The superstrate must have a refractive index{) lower
of the complex refractive index). Last, a numerical procedure than that of the guiding medium (refractive index) and the
is established to determine the anisotropic optical constants,angle,d,, in medium 0 must be greater than the critical angle,
which then allow calculation of the molecular surface coverage g ; = sin~3(nm;1/ng), to prevent power from flowing into the
and one order parameter. superstrate medium, although an exponentially decaying, eva-
To demonstrate this method, we have applied it to adsorbednescent field is still present in this medium. The analytical ATR
films of cytochromec (cyt c) on glass and indium tin oxide  signal is measured after the beam has been reflected several
(ITO) surfaces. For biosensors based on the activity of surfacetimes along the length of the guiding element. The absorbance

immobilized proteins, a major question is how to control the sjgnal, A, can be calculated by the following expression
structure and orientation of these proteins, which presumably

affect sensor performanéé!? Cyt c is often used as a model | LR

protein to address these questions and immobilized &jmns A= —log,, = —log,, e l0g,((R (1)
have been studied using a variety of surface sensitive spectro- Inc, Inc

scopic technique®~17 Glass and ITO are both negatively

charged surfaces with heterogeneous surface chemistries. IT

is a semiconductor which can directly oxidize and reduce

adsorbed cyt, depending on the potential applied to the surface.

The advantage of optically determining the surface coverage
of an adsorbed film on an electrode surface is that all molecules
in the film are probed, not only the electroactive portion = )
accessible through voltammetfy?° and other electrochemicall 2hN

methods?! For electrochemically based sensors, both the total ) . . ) .
surface coverage and the electroactive surface coverage of thévherehis the thickness of the guiding elemebis the distance

protein film are important quantities to measure. In this paper, between the in- and out-coupling prisnm,is defined above,
we use identical conditions (buffer, bulk protein concentration) @nd N is the effective refractive index (also called Snell's
to form adsorbed cyt protein films on two different substrates,  nvariant,N = no sin 6). N is experimentally determined by
and demonstrate how this method is used to determine theth® incoupling conditions of the propagating beam into the
optical constants of the films as well as their surface coverage guiding elemeri®

and order parameters.

if the reflectanceR, for a single reflection and the number of
reflections,r, are determined. The number of reflections can
be easily determined from geometrical considerations and is
given by?

N = nysin 6, = n;,.sin 6,,.cosg +

2 2 12 o
2. Theory . . . . . . (npr ~ Ninc SlnzGinc) sing (3)
In the ATR configuration shown in Figure 1 with our choice
of coordinate system, a light beam propagates inxtaglane as shown in Figure 1, whef is the angle between the prism
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normal and the incident beanp, and n, are the prism base
angle and refractive index, respectively, andis the refractive
index of the medium (usually air) outside the prism.
Focusing on ATR applications involving anisotropic layers,
we allow for the refractive index of any layer to have different

Runge et al.

superstrater§ + 1). The transfer-matriM,, uses the optical
constants of layes (N, Kep, andty, with y =X, y, 2) to relate
the tangential electromagnetic fields at the interfaces-(1,
o) and @, a + 1).

For the TE polarization, the tangential components of the

values along each Cartesian direction. The real part of the electromagnetic fieldJ andV, are given by
refractive index is then described in general by three numbers

Ny, Ny, Nz similarly, the imaginary part of the refractive index
is described byk,, ky, k.. The complex anisotropic refractive
index of any layer is written as

n,, — ik

o,y oy

nw =

(4)

wherea =0, 1, 2, ...m— 1, m, m + 1 specifies a particular
medium andy = X, y, z defines a particular Cartesian axis.

To extend the isotropic transfer-matrix approach to include
optically anisotropic films as described by eq 4, Horowitz and
Mendes?* following Berreman’s formalisnf,have shown that
it is sufficient to generalize the expressions for the phgse,
and admittancey, used in the transfer-matrix (defined below).

For the transverse electric (TE) polarization, these terms are

given by
Bo= 2Tt 2~ W, =1, m (5)
Mo =g — N, a=01,..mm+1 (6)

and for the transverse magnetic (TM) polarization, they are
written as

where/ is the light beam wavelength measured in a vacuum
andt, is the thickness of layem. With these expressions, the
reflectance,R, of a light beam incident from a transparent
medium ko, = 0) and impinging onto a stratified stack (which
can include anisotropic and absorbing media) can be expresse
for both polarizations in the usual fornmt:

nB—C
nB+C

2

R 9)

whereB andC are calculated using the matrix relation

BY (U _ U
(C) = (V )(0’1)— M; x My x ... X Mm(V)(mmH) (20)
and the transfer-matri¥,, is defined by
i
co —Si
Mu = $(1 77 rﬂ& (11)

o
in,SiNB, CcoP,

The transfer-matrixM relates the values of the tangential
components of the electri¢Jj and magneticY() fields at the
two interfaces that bound a particular layer. In our notation,

\ - Hx /uvaclevac
and for the TM case are described by
\% Hyy/tvad€vac

where the vacuum permittivity,a. and permeabilityvae were
used to provide the same physical dimension (units) to both
vector componentt) andV, which simplifies the notation of
the admittance and transfer-matrix. Finally, the calculation with
eq 10 can be performed by noting that, at the last interface, the
electric and magnetic field components can be related by

7)o =G

since only a forward propagating wave is present in the
superstrate.

Once the Snell's invariantN), optical constantsng., K,
and thicknessesd, of the stratified stack are known, eqs 54
provide a straightforward approach for the calculation of
polarized reflectance results. It is important to note that the
definition of the complex refractive index with a minus sign in
eq 4 for the imaginary part was dictated by a particular choice
of the time-harmonic description of the electromagnetic wave,
€@=f7  as already discussed by oth&f8.Consistency with
this choice also requires that, among the possible mathematical
solutions for eqs 5 and 7 involving the square root of complex
numbers, the physically acceptable solution will satisfy the
condition In{5} < 0 as the light beam power should exponen-
tially decay, not grow, as it propagates in an absorbing medium.

To summarize to this point, we have outlined a method to
calculate reflectanc®, of a light beam probing a stratified stack
c?f anisotropic layers, which are described by eq 4. For ATR
experiments, the transfer-matrix formalism above combined with
egs 1 and 2 provides a direct path for calculating polarized
absorbance value8ye andAry. This method avoids an explicit
calculation of auxiliary variables such as the Cartesian com-
ponents of the electric field across an absorbing layer, although
these fields are rigorously considered in the entire calculation
and variations of the electric field strength across any absorbing
layer are automatically considered. In addition, the transfer-
matrix formalism includes the anisotropic optical constants of
any layer in the stratified stack; therefore, the effects of
birefringent and dichroic layers on the electromagnetic fields,
and ultimately on the absorbance results, are fully and rigorously
accounted for in this analysis.

The transfer-matrix formalism above shows that once the
optical constants of a stratified stack are known, absorbance
calculations are straightforward. However, we typically face the
inverse problem, where absorbance data are collected and
determination of the anisotropic optical constants of a particular
layer is desired. Although an explicit solution relating the optical

1
M1

)(m,rml) a4

the subscript (0, 1) represents the boundary between the guidingconstants of the layer to the polarized ATR data is not possible

medium (0) and the first layer (1), and the subscript ifh +
1) represents the boundary between the last laygrbd the

(or would be extremely cumbersome), a simple numerical
procedure can solve the inverse problem. In this procedure, the
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film along they-axis () is initially estimated, and then the
value fork, is iteratively varied to make the difference between
calculated and experimental absorbana®ss = |Arecac —
Arg, exd, less than (typically 10 times smaller) the precision in

a) estimate n, < the experimental measuremepte).
(b) Second, we consider the TM absorbance data for which
L the calculations involve bothx and z components of the
- refractive index, as described in eqs 7 and 8. However, for many
estimate ky types of molecular films (including the adsorbed cyfiims
i examined here), we can assume in-plane symmetry for the
optical constants (the molecules are randomly oriented in the
calculateATEm,C A > sample plane), which allow us to writg = ny e_md _kx = ky.
i TE TE Next, a value for the real portion of the refractive index along
l the zaxis () is estimated and a value fdg that minimizes
] the difference in TM absorbancAyrm = |Arm,caic — Am, expl,
Arg = Arg cqre — At exp is iteratively determined.
(c) Once the imaginary parts of the refractive index along
l A< & each Cartesian axis are determined, then the surface coverage
1 " "IE (T") can be calculated through the following relati®n:
b) | assumen, =n,, k, =k, Ak, + K+ (15)

1 3¢ In(10)

Heree is the molar absorptivity of the dissolved molecule (i.e.,
measured in solution) anglis the thickness of the layer. Layer
J' g is formed by solute molecules that may be dispersed in a
) solvent matrix (in this study, cytin an aqueous solution). The
estimate k, | ¢——— thickness of the layer is a function of the dimensions, conforma-
l tion, and packing geometry of the solute molecule. The real
portion of the refractive index of this layer depends on the solute
and solvent concentration in the layer. For the adsorbed cyt
films examined here, we used the surface coverage obtained
l from eq 15, the molar absorptivity of cgt measured over a
broad spectral range, and Krameksonig (KK) relations
(discussed in the following section) to refine the initial estimate
for the real part of the refractive index along each Cartesian
l Ay < Oy axis, n,. ) i
Once refinedn, values are determined, the previously
described routine (steps-a&) is repeated to generate refined
values ofk, andT’, which are used to further refine values of
n,. This loop is repeated until it reaches a numerical precision
¢ that is better than the experimental precision determined by the
uncertainties in the absorbance measurements. Typically this
calculate /7 process converged in just a few loops—&), even when we
intentionally provided initial estimates of, that were signifi-
l Kramers-Kronig cantly different from the expected final result.

According to KK relationg? if the imaginary part of the
refractive index (extinction coefficient) is known over the entire
frequency range, the real part of the refractive index can be
calculated. These quantities are related through the complex
optical susceptibility. For a film with an extinction coefficient
of ky and formed by molecules with a susceptibility= ' +
iy"" dispersed in a transparent solvent of refractive indgx,
value for the complex refractive index of the absorbing layer we can writé®
(an adsorbed cwt film in the present work, here called layer
Q) is varied in an iterative manner to match the calculated and
experimental absorbance values. If the stratified stack is
composed of multiple layers, the optical constants and thickness
of the other layers must be known (or determined by other for any frequencyy. Then the real part of the susceptibility,
techniques). The iteration process is summarized in a flowcharty', can be calculated using a KK relatfn
shown in Figure 2 (for simplicity, the subscrigtis dropped;
all optical constants and surface coverages are for lgyer

(a) TE polarized absorbance data are considered first because
they involve only the/-component of the refractive index given
in egs 5 and 6; the real part of the refractive index of the protein which allows the determination of the real part of the refractive

estimate #n,

Apy > Opy

calculate A7y, ..

A = Anvgeare — Ay, ep | T

c) output £k, and £,

xo vy

calculate n,., Ny, N,

Figure 2. Flowchart for iteration process to determing ny, n, ky,
ky, k;, andI for layer q from measured values @, Arw.

2In(10) e(»)T
1

X ) = N gk(V) = 2Ny (16)
q

oy 2 e (W)
ACH Ry 1/2_—1}020'1’ 17)
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index (in the case of a weakly absorbing mediym, < 1):26 .
( y g < 1) <— coherent light source

%' (vo)
n,(vo) =Npp1 + 5 18
0) = My 50— (18) —_—

Since the spectral information on the molar absorptiv{ty), photodiode

and therefore om(v), is limited to a finite range (for instance,

from v1 to v,), eq 17 is calculated by 1 92 l
At

, 2 (. 1y W)V r |
Pe)=2[C e (9) et v <
0, 7/ v V2 _ UOZ tq 2 e :'i >

where the second term is dependent on the concentration of 3 CZIJI>

the solute molecule in the layer of interest. This corrects for o

background absorption bands outside the integral that affect the I: ]

real component of the optical susceptibility. The coefficient cuvette/flow cell

can be experimentally determined by measuring the dependence

of the refractive index on the concentration of the solute v

molecule dissolved in the solvent matrix. Figure 3. Interferometer setup: (1) lens to expand beam; (2) beam

Finally we note that, sinck, is in general anisotropic for an splitter (glass slide); (3) iris. The solid line is the incident beam and
adsorbed molecular film, the molar absorptivify) in eq 16 the dashed lines are the beams reflected from the front and back glass/
is replaced by ’ air interfaces of the cuvette.
ky(VO) and ethano?? followed by low-temperature air plasma cleaning
€,(v) = 3e(v) (20) (Harrick model PDC-3XG) for 15 min at 30 W. Before use,
Kd(vo) + K(vo) + k(vo) ITO substrates were soaked for-128 h in 10 mM phosphate

uffer, pH 7. Wet chemical etching of ITO was accomplished

b
and egs 16, 19, and 18 are calculated for each Cartesian dlrectlorg)y soaking the ITO coated substraesié MHCI/0.2 M FeCh

v to determine the anisotropic real part of the refractive index g tion for 5 min0

(n,)- . . . ) ATR Measurements.The attenuated total reflectance instru-
Once the anisotropic optical constants have been determined, .1t has been described previougriefly, collimated light

an order parameteigosL) can then be calculated for the layer ¢,m 4 e lamp was coupled into the glass slide (or ITO-coated

O; intereslt usinfg the dipfgoiivilues o(ljlz tzr;eyilma%inary par]:[ of glass slide) with a fused silica prism. The collimated beam was
the complex refractive indexks, ky, andk.“>~"In the case of  Zp5,t 1 mm in diameter. The beam was totally internally

a linear dipole it is given by reflected down the length of the slide mounted in a liquid flow

K, cell (about 16-12 reflections ovet. = 50 mm,h = 1.0 mm)
Gofol= ———— (21) before being outcoupled by another prism and detected with a
K+ ky tk photomultiplier through a 413 nm band-pass filter (15 nm fwhm;

Edmund Optics R43-054). The outcoupled beam was chopped
at 1700 Hz and lock-in amplification was used to increase the
signal-to-noise ratio. The blank transmission was measured with

where#f is the angle between the dipole and thaxis, and in
the case of a circular dipole it is given by

2k 10 mM phosphate buffer in the flow cell. A cgtsolution was
Gof =1— — 2 (22) then injected into the flow cell and equilibrated with the surface
Ktk +k for 15 min before flushing the cell with 10 mL of 10 mM buffer.

After the bulk protein solution was removed, the transmission
was measured. For this instrumental setup, the molar absorptivity
() of cyt c was calculated to be 80388 Mcm™?! based on the
published molar absorptivities of ferricgt® and the band-pass
filter transmission profile.

where6 is the angle between the normal to the dipole plane
and thez axis.

3. Experimental Section

Cytochrome c. Horse heart cytochrome (Sigma) was Refractive Index of Dissolved Protein at Different Con-
purified on a cation exchange column as described in previouscentrations. For the implementation of KK relations, the
studiest®28 Ten micromolar solutions of ferricytochroneein dependence of the refractive index of dissolvedooyh protein

10 mM phosphate buffer (pH 7) were used to prepare all protein concentration was measured at one wavelength (633 nm). The
films. Deionized (DI) water (18 MR) was obtained from a  measurement was performed using an interferometric tech-
Barnstead Nanopure apparatus and was used throughout.  nique?*35with the optical setup shown in Figure 3. A Hale

Substrates. Glass microscope slides (Gold Seal Products laser with an expanded beam was used as a coherent light
#3010) were cleaned in a Chromerge (Manostat) bath 460  source; reflection from the cuvette walls provided the two beams
for 1 h and rinsed thoroughly with DI water before use. Indium needed to generate the interference pattern (one beam probing
tin oxide (ITO) films on soda lime glass (Colorado Concept the sample solution and the other was used as a reference). The
Coatings) with a sheet resistance of approximately 20 ohms-beams were redirected with a beam splitter, spatially filtered
per-squargand a root-mean-square (rms) surface roughness ofby a 400#m pinhole, monitored with a photodiode detector,
1-2 nm (determined using atomic force microscopy on scan and recorded with Labview software. Counting interference
areas of um?) were used throughout. The ITO substrates were fringes as the protein concentration was varied allowed the
cleaned by scrubbing with a 2% Triton-X solution for 1 min, refractive index dependence on the protein concentration to be
and then sonicating for 10 min each in 2% Triton-X, water, determined.
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a) 3.E+05 1.46
n,= 1.51, k,= 0 (glass)
n; ik, ; 1, =3 nm (adsorbed cytochrome c layer) Tg 144
n,=1.3425, k, = 0 (buffer) S 2.E+05 s 1.42 g
> £
b 2 L1140 2
= 1.51, k, =0 (glass 5 8
i 0= 0 (eles9) £1.E+05 - 138 B
n,=191, k, = 0; ¢, = 67 nm (ITO) 5
S - 1.36
n, ik, ; £, =3 nm (adsorbed cytochrome c layer) E
0.E+00 ‘ ‘ . ‘ 1.34
ny = 1.3425, k; = 0 (buffer) 200 300 400 500 600 700
Figure 4. (a) Multilayer structure for cyt films on glass substrates. wawelength (nm)
(b) Multilayer structure for cyt films on ITO substrates. S0
4. Results and Discussion
Optical Constants and Layer Thicknesses.For cyt c ~ .
adsorbed on a glass slide, the stratified system (Figure 4a) is § 2£951} 3
composed of glass (medium= 0), the protein film ¢ = 1), s 2
and buffer solutiondq = 2). For the ATR experiment with cyt £ 8
c adsorbed on an ITO-coated glass slide (see Figure 4b), there &  _ . | s
are four media to consider: glass € 0), ITO (o = 1), the 2
protein film (o = 2), and buffer solutiond = 3). In these g
configurations, the only anisotropic and absorbing medium is £
the cytc film; the other media are assumed to be isotropic and 0.E+00 : : : 1
transparentk = 0). While ITO does absorb some visible light 200 800 400 500 600 700
(e.g..k ~ 0.01-0.02 at 450 nm§® this is taken into accountby N wavelength (nm) o
first measuring the blank transmission for the ITO slide before Figure 5. Visible absorbance spectra of cytand refractive index
cyt ¢ is adsorbed. As long dgro is much less thamiro, this profile for adsorbed films on glass (a) and ITO (b). Molar absorptivity

- L . of cyt c (calculated using eq 20) in the plane of the substratec;
absorbance will not significantly perturb the electromagnetic solid line), out of the planes(; dashed line), refractive index profile of

fields in this system. As described in the Theory section, t0 ¢yt ¢ calculated at discrete wavelengths in the plang solid lines
calculateAre andAry the following parameters must be known:  with squares at calculated points), and out of the plagedéshed line
Nglass NiTo, tiTo, teyte, Moufer, @NAN. The bare glass slides and  with triangles at calculated points).

the glass underlying the ITO film were both assumed to have

a refractive index ofigiass= 1.51. The ITO thicknessro, and from both the literatur® and by measuring the UWis
refractive indexniro, at the wavelength of interest (413 nm) spectrum of cyt over this entire frequency range. These results
were obtained by curve fitting the optical transmittance of the (dn/dc ande values) allowed us to determined a valuef f
ITO-coated slide measured at normal incidence in a conventional5.26 M1 for use in eq 19. Figure 5a shows a typical refractive

UV —vis spectrophotometer (46®00 nm)z* Values oftiro = index profile for cyt ¢ films on glass along with molar
67 £ 2 nm andnro = 2.088 were determined. The ITO  absorptivity valuese,, calculated from eq 20. The values for
thickness was also verified by etching the ITO coathigon the refractive index are lower and show less dispersion than

one section of the slide. The step height from the etched sectionthe corresponding films on ITO (see Figure 5b). This difference
to an unetched section of the slide was measured using tappingefiects the smaller volume fraction occupied by cyolecules
mode AFM, which gave thicknesses in the range of 86 nm. in layertey (the assumed thickness of which was held constant
In all calculations, a thickness of 67 nm was used. A thickness 4; 3 nm). In other words, we have represented the protein film
of teyrc = 3 Nm was assumed for the protein film based on the 4 5 3 nnfayer (based on the dimensions of c§f) regardless
dimensions of cyt.3” The refractive index of the bulk aqueous of surface coverage (up to one monolayer), so thavaries
phase,nbuﬁer, was calculated to t_)e 1.3425 at 4_13'5 nm f_rom with the concentration of protein in the layer. This, in our
literature result$8 For the calculation of the effective refractive opinion, is a more physically reasonable model than one in

index,N (eq 3), our incoupling conditions were as follows;c . . . :
- ' I ' which teyic is the average of the film thickness over areas of
= 1.00,ny = 1.46,¢ = 45°, andinc was measured for €ach o o face with and without adsorbed protein (in that model,

set of data. . . . teytc Would be less than 3 nm for a submonolayer film).
Kramers—Kronig Calculations for Refractive Index of v

Protein Films. For the application of KK relations, the Anisotropic Optical Constants and Surface CoverageAs
dependence of the cgtrefractive index on its concentration in ~ @n illustration of the calculation procedure, Table 1 shows one
an aqueous solution was determined with our interferometric S€t of experimental data collected for an adsorbed: @ on
setup. For cyt concentrations in the range from 0 to 0.0013 an ITO-coated glass substrate with valuestkgy (which is used
glcn® prepared in 10 mM phosphate buffer, we obtained a value t0 calculateN), Arg, Arv, andr. Also shown are the initial

of dn/dc = 0.17 + 0.03 cn¥/g, which agrees reasonably well estimates fon, and the calculated values faog, ks, ny, ky, nz,

with a value of 0.1854 cilg measured by Kekicheff et 8.  k, and I' at each step of the iteration process previously
over a much broader range of @ytoncentrations (0.25t0 0.80  described. As seen, the process converges quite rapidly despite
g/cn®). In addition to the d/dc slope, the molar absorptivity — an intentional estimate fam, that was significantly different

of ferricyt ¢ must be known over a wide frequency range for than the recovered value. In addition, we observe that the in-
application of KK relations. Molar absorptivity values of ferricyt  plane & andy) and out-of-plane componentd of the complex

¢ between 200 and 950 nm (at 1 nm intervals) were obtained refractive index converged to similar valuesx € ny = n,, k
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TABLE 1: lteration Cycle for One Set of Experimental Data (cyt c on ITO)

Experimental Data

substrate Oinc N Are Atm r
ITO 37.00+ 0.02 1.3664+ 0.008 0.031+ 0.004 0.084+ 0.0 11
Results

ny=ny N ki = ky k, T (pmol/cn)
initial 1.3% 1.7¢ 0.053 0.063 27.5
1 1.570 1.579 0.043 0.048 21.8
2 1.523 1.528 0.046 0.045 22.3
3 1.5+ 0.2 1.53+ 0.07 0.046+ 0.006 0.045t 0.006 22+ 2

a Standard deviation based on three measuremeRtmpagated errof.Initial estimates of variables.

TABLE 2: Optical Constants, Surface Coverage, and One attraction for the charged amino acid groups (both positive and
Order Parameter for Cyt c¢ Films on Glass and ITO negative) on the surface of cgt
glas$ ITOP It is interesting to compare the spectroscopic surface coverage
ne=n, 1.44+ 0.06 15+ 01 measurement on ITO (_Table 2_) to the eIec’Froactive surfac_e
ke = ky 0.0224+ 0.001 0.045+ 0.004 coverage (measured by integrating the cathodic peak of a cyclic
n, 1.4440.03 1.52+0.03 voltammogram of adsorbed cgton ITO). The electroactive
0.024+ 0.002 0.042+ 0.002 surface coverage is only 9.5 pmol/grslightly less than a half
ag%’g%'/cmz) cl)l?,gi 8-32 %lééi 8-84 monolayer® which shows that less than half of the protein
’ ) ' ' molecules adsorbed on the electrode surface can be directly
aThree separate samplégive separate samples. oxidized or reduced. This could be due to the heterogeneous

surface of ITG?° which has some insulating regiofisAnother
possibility is that a subpopulation of the adsorbed cyt
molecules is adsorbed in an orientation that places their heme
groups too far from the surface to efficiently exchange electrons
with the ITO surface. On the basis of our experience with

= ky = k). This means that these particular cyitims have no
significant birefringence or dichroism.

Table 2 lists the experimental results for the optical constants
and surface coverage of oyon glass and ITO substrates. The

surface coverage obtained on glass substrates ist10.2 pmol/ different methods of forming electroactive avfilms 1842 and
o, or about half a monolayer of cgibased on the dimensions the known heterogeneit of%he ITO surfa?@éalyour h, othesis
of the protein molecule (a close packed monolayer would be . that th % fyth ITO surf h, yp h ¢
22 pmol/cnd).1* Previous work reported a surface coverage of 'Sff a}: ethproi?ertlesr(]) .et fsurttr;l]ce tr?ve a th(t:' grefa er
cyt ¢ adsorbed on a hydrophilic glass substrate of 29 pmol/ tehee;dggrbeede ?ci(;?ncrr?(;?éia/e(s) cytthan the orientation o
cn?, which was measured by a protein desorption adsay. Order P P ter oLoU Th : dichroi ¢ adsorbed cvt
addition to the different analytical approaches used in these er Farameter, .o € dichroism of adsorbed Cy

g - . films was quantified by determining one order parameter
measurements, we also attribute the different expenmentalC . _ a3
results to the higher dissolved protein concentration used in themO%D(Or equivalentlylP,(cos 6)01= 3[€0SHI2 — 1).** By

: assuming that the heme in cgtcan be approximated as a
cited work (35uM) vs that used here (16M). In a recentl : 4 .
published s(tudl;/ bi/ Cheng et &k.the su(rfgce) coverage of )c/yt circular dipole Dan symmetry); for glass adsorbed cytfilms

: : value off¢og60= 0.30+ 0.02 was calculated from eq 22
con a glass substrate was determined using ATR spectroscopya1 . - ’
{0 be a full monolayer (23 pmol/ci I this case, the cyt \flivrgltl-esn?dne:Toaf;r?wsettr:rteonriﬁa_r ()1‘ng?ﬁrg.sotn-l—gi:ﬁfosrs;f;hcees
film was adsorbed from a much higher dissolved protein P '

concentration (11M) and at lower fonic srength (7 mbvs it Bl B8 B8 FTANTE TS0 T e form of oy
that used here (10 mM). In addition, Cheng’s result was Y

deermined Using a wo-phase appoxmaGr the ATR & MICh roves a secondorder parametr o enbl s mor
experiment rather than the multilayer model employed here. 9 P

Using the calculation procedure and data treatment describedOf these films. Results will be reported in a separate article.
herein, we calculate a protein surface coverage from their data
that is 13% lower (20 pmol/cfh than their published result.
Clearly the use of different methods to calculate surface In this paper, we have described the theory and application
coverage does not fully explain the discrepancy between their of the rigorous electromagnetic transfer-matrix approach for the
surface coverage result and ours. Thus, we conclude that thecalculation of anisotropic optical constants, surface coverage,
higher dissolved protein concentration is probably the more and one order parameter in polarized ATR experiments. This
important factor in accounting for the dicrepancy. approach can be used for any molecular film where the
On ITO, the surface coverage is 2170.9 pmol/cni (Table anisotropic complex refractive index can be described by eq 4.
2), which is close to a full monolayer of cgt Thus, although This method does not require the explicit calculation of the
the conditions under which the cgtwas adsorbed to ITO and  electric field across the absorbing layer, although it is implicitly
glass were identical in terms of protein concentration and ionic and rigorously considered in the analysis.
strength, the surface coverage is significantly higher than on  To demonstrate the application of this approach, we have used
glass. This shows that cythas a higher binding affinity for it to calculate optical constants, surface coverage and one order
the ITO surface. A difference in binding affinities is not parameter for adsorbed cgtfilms on two different surfaces,
unexpected, since the surface chemistries of glass and ITO areglass and ITO. Although the films show no significant bire-
significantly different. While there are protonated and depro- fringence or dichroism and the order parameters are similar,
tonated hydroxyls on both surfaces, ITO also has surface indiumthe surface coverage of cgton glass is 0.5 monolayer, while
oxide and oxyhydroxide grougsthat may have a stronger on ITO the surface coverage is a full monolayer.

5. Conclusions
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ADDITIONS AND CORRECTIONS
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Anne F. Runge, Nicole C. Rasmussen, S. Scott Saavedra,
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Constants and Surface Coverage of Molecular Films Using
Polarized Visible ATR Spectroscopy. Application to Adsorbed
Cytochromec Films

Page 427. Equation 16 should read

N _ AIn(10) e(v)I
—x"(v) = 2Ky () = anqu (16)

with a double prime ory.
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