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Abstract
Evanescent wave spectroscopy using thin optically transparent electrodes and
multiple reflections allows unique observations of the electrochemical interphase
since the region of solution sampled is typically 100 nm from the electrode in the
visible spectral region. This technique is found to be highly sensitive to the presence

of absorbing adsorbed species.

Introduction

Throughout the history of modern physics and chem-
try, probably the greatest experimental contribution to
¢ development of quantum mechanics and atomic and
olecular structure has been spectroscopy. Its application
1sin general been limited to the homogeneous gas, liquid,
id solid states. Direct spectroscopic observation of indi-
dual surface species is beyond the scope of conventional
iectroscopy. However, the elusive interphase region of
irface science, which is the heart of electrochemistry, the
ical point of most biological functions, and the site of
sterogeneous catalysis, can be sensitively probed by
WSF (evanescent wave spectroscopy in the presence of
thin metallic film) thus facilitating the study of surface
)ecies without complications from an absorbing final
1ase. An optically transparent thin metal film electrode as
ut of an EWSF cell allows spectroscopic and electro-
iemical observations to take place simultaneously during
stential modulations.

Techniques and methods are presented in this paper
hich illustrate the powerful EWSF approach in deter-
ining surface coverage, adsorption-desorption rates, and
mcentration changes at the electrode-electrolyte inter-
ce. Electronic absorption occurs in the UV for most
emical species of interest. However, crystal violet (CV)
id methylene blue (MB) exhibit distinct electronic ab-
rption in the visible and both specifically adsorb. Since
e principle of electronic absorption is the same in the UV
id visible, the discussions presented here are equally
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applicable to the study of species in the UV.

Theoretical Considerations

An electromagnetic wave striking the interface at an
angle greater than the critical angle (n,>n,) penetrates the
final phase to penetration depth d, which for 72.7° on
glass-water interface is only .14A, hence, absorbing
adsorbed layers will dominate the EWS spectra. In fact, for
parallel polarization at this angle of incidence, the ratio
of EWS absorbance due to solution to transmittance is
-8A,/b where the concentration is the same for each case, A,
is the wavelength in vacuo, and b is the thickness of the
transmission cell. For a non-adsorbed absorbing species at
530 nm with b = .01 cm, transmission and EWS absor-
bances are equivalent when the concentration behind the
EWS plate is approximately 235 times that in the transmis-
sion cell. For a precise comparison, the anomolous disper-
sion of the final phase with changing concentration of
absorbing species and the dependence on wavelength for
EWS spectra must be taken into consideration. However,
any EWS absorbance for dilute solutions will be due only
to adsorbed layers since the solution contribution would be
negligible for concentrations of CV less than .3 mM under
normal conditions.

The absorbance per reflection of an adsorbing species
can be described for EWS by the expression (1)

AN=ah_c S +ab.cS+ab c(1-S) (1)

where
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A= absorbance measured

N= the number of reflections

a = molar absorptivity of adsorbed species

h = effective thickness of adsorbed layer of actual
thickness h :

¢,= concentration of adsorbed species

S= surface coverage of adsorbed layer

a= molar absorptivity of absorbing species in solution
¢= concentration of species in solution

b= effective thickness of EWSF cell, or the thickness
of a transmission cell required to give an equivalent

absorbance

The first term on the right side of the equal sign is the
absorbance contribution of the partial adsorbed layer, the
second term is the contribution of bulk solution, and the
third term compensates for that part of the surface not yet
adsorbed onto. The value S equals unity when A has
reached an equilibrium value representing the absorbance
for the adsorption of a complete monolayer. A sensitivity
factor dependent on optical parameters appears in the
effective thickness terms such thath = fhand b= fd
where h is the actual thickness of the adsorbed layer and d
is the penetration depth as previously discussed. A theo-
retical calculation [1] yields this sensitivity factor to be

p=_l2_ E> @
n;cos <g>,

where @is the angle of incidence, n the index of the semi

infinite final phase for b, or of the adsorbed layer for h,

<E%, is the time average of the E field squared at the
interface, or for a thin film, the space time average inside
the film,and <E>> is the time average in phase 1. The fields
are taken at the glass-solution interface with no adsorption
in calculating b, in equation (1), while b_, incorporates
the fields at the thin film-solution interface. A thin film
may markedly change the fields sampling the solution
whichisreflected in the sensitivity factor. Calculations for
the E fields at the interface are exact thus enabling precise
determination of B. ‘

For concentrated solutions, in which the solution con-
tribution to the absorbance is indeed appreciable and S has
had sufficient time to reach unity, equation (1) is linear in
¢ provided the molar absorptivity is constant. Extrapola-
tion to c= 0 gives the absorbance of the adsorbed mono-
layer A . This can be expressed as

And= andheﬂc ld= laX) aul Brnd (3)
where T, is the surface concentration in mole-cm™, The
1000 factor converts volume concentration in liters to cm?.
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With a knowledge of the optical constants of the adsorbed
monolayer, the surface concentration is easily determined.
The effective optical constants can be determined from
values of A_ obtained under different experimental condi-
tions such as absorbance measurements at =72° for each
polarization and a transmission measurement at normal
incidence [2].

Internal reflection measurements in the presence of
intermediate thin metal films differ from the no film case.
This effect is taken into account in the b _, term, The optical
constants of the intermediate films enable determination
of <E»>in B, which will now be taken at the metal-solution
interface, and n,, instead of being the index of phase two,

 isthe index of the semi-infinite final phase with no adsorp-
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tion.

For the present case of a single metal film, a 60A gold
evaporated film on glass, n=.816,K=2.228 at 530 nm and
n= .46, K=3.20at605 nmresulting inb_,being 583 nmand
690 nm respectively for parallel polarization and 112 nm
and 144 nm for perpendicular polarization maintaining the
final phase as H,0. Extrapolation to c=0 for EWSEF absor-
bance-concentration plots will yield further information
about adsorbed monolayers. Any deviations in EWS and
EWSF observed monolayers will be readily apparent.

Crystal violet and methylene blue are both known to
specifically adsorb [4]. Adsorbed molecules can, in gen-
eral, be potentiostatically desorbed from a gold electrode.
The accomplishment of this, however, will depend on how
large the potential barrier associated with the adsorption
mechanism is, i.e. will the potential barrier be overcome
prior to the occurrence of the reduction or oxidation
process. The addition of ethanol into the electrolyte re-
duces the adsorption bonding of these dyes enabling them
to "come and go” as a function of potential without redox
systems interfering. For a particular electrolytic solution,
adsorption occurs at definite potentials allowing this pro-
cess to be observed spectroscopically as a function of
potential. In addition to varying the potential linearly and
observing the resultant absorbance, the potential can be
stepped from aregion where no adsorption occurs to where
the dyes do absorb. The frequency of the potential step
which limits the total absorbance change to that deter-
mined by the extrapolation procedure, i.e. S equals unity,
defines the adsorption rate constant. The rate will depend
on concentration and can be expressed by

drad___K‘dc
dt

@)

where T is as previously defined and is proportional to the
absorbance measured, ¢ is the concentration in solution,
and K , is the constant to be determined. The desorption
rate constant is defined similarly but should be indepen-
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dent of solution concentration yet will depend on the
amount adsorbed. Thus,

ATES SRS g LU RO
dt heg

where K is the desorption rate constant. The time interval
is the time for the absorbance to decrease from A_, to zero.
All other quantities in (5) are determined separately allow-
ing K, to be calculated.

Experimental Section
Multiple intemnal reflection units were used for reflec-
tion measurements and consisted of two prism arrange-

COUNTER ELECTRODE REFERENCE ELECTRODE
? COUNTER ELECTRODE
FRITTED DISCS
(@
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ments in optical contact with the glass plate of an EWSF
cell which is depicted in Figure 1. The plate, when coated
with a thin metal film, served as the working electrode in
the electrochemical cell. The entrance and exit prisms
define the angle of incidence 0 at the plate-solution inter-
face such that

e=w+sin-l% 6)

where y is the prism angle, as shown in part b of Figure 1,
and n, is the index of the glass plate and prisms. The
window width indicates the maximum allowable beam
width [3] and is given by

i

GOLD COATED GLASS

WORKING ELECTRODE
d
(b)  GLASS PLATE {
BEAM———————— r-J";-:
w
ENTRANCE PRISM EXIT PRISM

Figure 1. The electrochemical cell (a) and a typical internal reflection arrangement (b)

for EWS and EWSF observations.
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where d.is the thickness of the plate. A 72° reflection unit
was used in this study to insure that the incident beam was
beyond the critical angle for the glass-electrolyte system.
Transmission cells of various thicknesses were used for
transmission absorbance measurements, All reflectionand
transmission units were made to fit a Cary Model 14
Recording Spectrophotometer withexpanded samplecom-
partment. The visible light source was a quartz-iodide
lamp operating at a black body temperature of 3500°K
with a usable range from 320 to 700 nm.

Tripley deionized water was used throughout the in-
vestigation. Crystal violet (CV) [4], of medicinal purity,
was recrystallized while methylene blue (MB) and Eosin
B were not further purified. All chemicals for supporting

electrolyte were reagent grade. Solution temperatures were
allowed to equilibrate to room temperature at 23+1°C for
potential measurements. All potentials are reported with
respect to the aqueous saturated calomel electrode (SCE).
Bottled nitrogen was additionally purified by passing
through a wash tower containing a chromous sulfate solu-
tion prior to deaerating the electrolytic solutions.

Gold was vacuum evaporated on high quality fire
polished microscope slides and float glass of various
thicknesses. The 60 A gold film resistances of 20 £/sq
were reduced to 15 Q/sq after cleaning in sodium nitrate at
330°C and rinsing in deionized H,0. The float glass gold
films turned pale blue if left in the bath for more than a few
seconds. The films adhered better to the slides and were
stable for more than 20 seconds exposure time in the nitrate
solution. Electrical contact to the gold film was made
through silver epoxy and silver conducting paint com-
pletely surrounding the solution interface of the working
electrode but not in contact with the electrolyte. The
EWSF cell, with a working electrode area of 8.4 cm?, was
sealed to maintain an inert atmosphere of oxygen free
nitrogen.

Crystal violet and methylene blue were two species
chosen since both are known to specifically adsorb. Eosin
- B, sonversely, does not adsorb and was used where ad-
sorption was not desired. The adsorbing dyes were first
studied optically and then potentiostatically using the
dropping mercury electrode, a bulk gold electrode; and
then the thin film gold electrode since the thin film ap-
proximates the bulk gold and allows for spectroscopic
observations during potential modulations.

Results and Discussion
Optical Characterization of Colored Species
Figures 2 and 3 are plots of the absorptivities for CV
and MB as calculated from transmission measurements for
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Figure 2. Absorptivities of crystal violet in H,O. Concentrations
are (1) 6.0mM, (2) 3.0mM, (3) .60mM, (4) .30 mM, (5) 6.0uM,
and (6) 3.0 uM.

various concentrations. Deionized H,O is the solvent for
the CV curves shown while MB is in a phosphate buffer
solution witha pH of 7.4. The transmission characteristics
discussed here for each dye remain unaffected when the
solvents are interchanged. Each of the spectra appears to
be made up of two bands: amonomer band 9 peaking at 590
nm for CV and 665 nm for MB, and a polymer band with
a maximum at 540 nm for CV and 605 nm for MB. The
polymer bands are prominent at higher concentrations
while the monomer dominates at lower concentrations.
The CV bands are roughly equivalent near .6 mM
concentrations while the changeover for MB occurs lower
at.1 mM. This indicates that MB polymerizes more readily
than CV does in solution.

Figure 4 discloses the enhanced monomer band with
addition of ethanol to a 12.5 micromolar solution of MB.
The percentage indicates the ratio of ethanol by volume to
total solution. For 1.25 mM concentration of MB, a 20%
ethanol mixture increases the monomer band to that of the
polymer band and for a 50% mixture, the absorptivity
appears similar to the 6.25 mM curve in Figure 3. The
monomers tend to polymerize in concentrated aqueous
solution but the polymerized forms are much more soluble
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igure 3. Absorptivities of methylene blue in phosphate buffer
itha pH of 7.4. Dye concentrations are (1) 10 mM, (2) 2.5 mM,
).10mM, (4) 50uM. (5) 25 uM, (6) 12.5 uM, and (7) 6.25 uM.

1ethanol solution and disassociate to the monomer form.
1 a similar manner, ethanol mixtures reduce the polymer
and of CV and enhance the monomer band. The linearity
f absorbance with concentration is a requisie for calcula-
ons and analysis presented later and these two points
ughly satisfy that requirement. Part of the non linearity,
ipecially for dilute solutions, is due to adsorption since
is absorbance contribution can become increasingly
rge as the concentration in solution decreases.

Dilute CV solutions were monitored by EWS as the
mcentration was gradually increased in increments to
»serve information about a CV adsorbed layer. A well
fined monolayer would give a plateau in absorbance-
ncentration plots provided the adsorbed layer consisted
asingle layer of CV molecules or, if micelles constituted
e layer, the aggregate number per micelle was aconstant.
owever, the resulting absorbance measurements gradu-
ly increased with time and concentration. Although the
ype decreased with increasing concentration, no plateau
sulted. This indicates that an adsorbed layer does not

Behfrooz

203

ax10* (I. mole! cm™®)

Vol.7 No.3
Summer 1996

i i i | I
470 520 570 620 670

WAVELENGTH (nm)

%25 720

Figure4, Absorptivities of 12.5 uM methylene blueinphosphate
buffer. The percentage of ethanol by volume to total solution is
varied from § to 50%.

form instantly but is a function of concentration and also
that aggregate numbers higher than unity constitute the
adsorbed layer. Additional time and concentration allow
higher aggregates to form which in tumn increases the
concentration of dye molecules near the surface sampled
by EWS resulting in increased absorbance. MB behavesin
a similar manner but to a lesser degree than CV,

Absorbance concentration curves for adsorbing CV
are compared to non-adsorbing Eosin B in Figure 5 to test
the extrapolation procedure of determining an adsorbed
layer. The measurements for CV were taken at 530 nmand
512 nm for Eosin B, The curves are the result of least
squares fits to the data. The relative concentrations differ
for curves 4-7 to indicate the independence of A, on
absolute concentration and time of measurement.

Eosin B intercepts the axis where expected (curves 1
and 2) but CV intercepts in two separate areas for parallel
polarization. The intercepts at .095 were obtained using an
ATR plate of float glass whereas the lower ones corre-
spond to fire polished microscope slides. Further investi-
gation resolved the discrepancy.

After the spectrum of a concentrated solution of CV on
float glass was obtained, the cell was carefully rinsed
several times until no color remained in the solution. The
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Figure 5. EWS absorbance-concentration behavior per reflection at 72° for various
solutions. Conditions are (1) § gm of Eosin B per liter of pH 7.4 phosphate buffer, A=512
nm, and L Polarization, (2) same as (1) except |l polarization, (3) .9 mM CV, A=540nm,
and L polarization, (4) .5 mM CV and Il polarization, (5) .9 mM CV and Il polarization,
(6) .5 mM CV and ll polarization but using float glass instead of microscope slide, and (7)
same as (6) except .9 mM CV. All concentrations correspond to a relative concentration

of 1.0.

spectrum of the remaining adsorbed layer was obtained
after which the cell was completely cleaned and the above
procedure repeated with a different concentration. Figure
6 discloses the results of this experiment. The resulting
spectrum is highly reproducible and at 530 nm, the absor-
bance is roughly the same as the A vs ¢ intercept using the
microscope slide. After several trials, the A , by intercepts
to A, by rinsing ratio is consistently 1.48 indicating that
CV adsorbs on the float glass in a reproducible fashion in
additionto a prescribed amount being removed by rinsing.
The float glass evidently has adifferent type surface which
allows a semi-mobile layer of CV to be lightly bound and
which is easily washed off. Rinsing the adsorbed layer on
the slides yields a negligible change in absorbance. The
shape of the resulting spectrum in Figure 6 indicates that
the adsorbed layer consists of polymers rather than mono-
mers.

The surface coverage decreases as the percentage of
alcohol increases until at 50%, S goes to zero. This per-
centage of ethanol makes the previously insoluable
adsorbed layer dissolve into the solution and also prevents
further adsorption under normal conditions.

Extrapolation to c= 0 for transmission measurements
will also give information about the adsorbed layer, how-
ever, transmission absorbance due to this layer will be very
small. For S= 1 transmission absorbance to a first approxi-
mation is A= 2a, hc,, + a(b-2h)c where b is the cell
thickness and the factor of 2 appears since there are two

ABSORBANCE

WAVELENGTH (nm)

Figure 6, EWS absorbance spectra of crystal violetin H,Oat 72°
using float glass plate before and after rinsing. Concentrations
are (1)4.0mM CV, (2) 1.0 mM CV, and (3) 10.0 mM CV after
rinsing only.
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adsorbed layers the beam must pass through. Several
independent trials for CV consistently resultedin the value
of .023 for 2a_hc,, which gives anareaof 115.5x10"¢cm?/
molecule assuming the surface roughness is unity and a
is 8x10* 1 mole™* cm!, which is the absorptivity in solution
of CV at 530 nm.

The effective optical constants of a thin absorbing
adsorbed film can be approximated from the absorbance
measurements in a procedure analogous to that described
in reference 2. Using these as initial guess vectors, A,
values, as determined by extrapolation of absorbance
measurements for 0 transmission, 72 parallel and 72 per-
pendicular polarization all at A=530 nm, were fed into an
optical inversion program resulting in the converged opti-
cal eonstants being n,_ = .8756,K = 1.112,and h= 16.6 A
The exact equations using the space time average of E* in
the adsorbed layer, which deviates about 8% through the
film, yields a sensitivity factor of 3.14 for the adsorbed
layer and 2.56 for parallel and perpendicular polarization,
respectively. The presence of this adsorbed layer de-
creases b_, by a factor of .84 while b, is enhanced to 1.05
times its value at the glass-solution interface. Following
the previous assumptions as for transmission, I",, is now
2.5x10'* mole cm™ giving the area per adsorbed molecule
of 664x10'¢ cm?, The surface roughness is probably
something other than unity and playsamore importantrole
in internal reflection measurements than for transmission.

Analogous absorbance-concentration curves to Figure

25
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5 but using a thin gold film are presented in Figure 7. Again
extrapolation to c= 0 gives the absorbance contribution
due to the adsorbed layer which is negligible for Eosin B
as expected. The perpendicular component is suppressed
with the addition of this thin gold film while the parallel
component appears slightly reduced. Theoretical absor-
bance values calculated from the exact equations for the
space time average of E inside the adsorbed layer using the
optical constants as determined by EWS indicate Ccv
adsorbs differently on gold than on glass. The ratio of
EWSF to EWS for both polarizations indicate thatonly 0.6
of the layer which adsorbs onto the glass adsorbs onto the
gold film. This is probably due to the gold film being more
inert than the glass and different Au-CV bonds existing
such that a lesser amount of dye adsorbs onto the film.
Table 1 is a comparison of the solution contributions

with theoretical calculations and is illustrated by the ratios

of the slopes taken from Figures S and 7. The discrepancies
from calculated values are partly due to the changing index
of the solution phase but mostly due to the deviations of
absarptivity with changing concentration.

Conclusion
Evanescent wave spectroscopy has been shown to
provide a new sensitive means of studying adsorbed spe-
cies during electrochemical processes. An optically trans-
parentthinevaporanedgoldﬁhnonaglasssubsuateserved
both as the optical plate for EWSF and the working
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Figure 7. EWSF absorbance-concentration behavior per reflection at 72° using a 60 A gold film
vacuum evaporated on a microscope slide. Solutions are (1) .75 mM CV, pH of 6.0, A= 540 nm,
and 1 polarization, (2) 5 gm of Eosin B per liter of pH 7.4 buffer, A=512nm, and 1 polarization,
(3) same as (2) except | polarization, (4) similar to (1) except 4 mM CV and I polarization, (5)

same as (1) except |l polarization.
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Table 1. Ratio of absorbance slopes for crystal violet and Bosin B in

solution
Absorbance Crystal Violet Eosin B
Ratios Exp. Calc.* Exp. Cale.

EWSF, ;

132 130 145 142
EWS,
EWSF, :

33 35 30 25
EWS,
EWSF,

27 23 .26 22
EWS,

*Calculation takes into account a 17 A CV adsorbed layer with n= 876

and k= 1.112,

electrode in the electrochemical cell. In contrast to exter-
nal reflectance and transmission, EWSF observations probe
only the region near the electrode, typically one-tenth of
the incident radiation wavelength, Hence, the presence or
absence of absorbing adsorbed species even in highly
absorbing electrolytes can be detected. Parameters were
chosen where electroreflectance was negligible and ad-
sorption-desorption preceded the redox process.

The possibilities of EWSF in studying surface physics
are limitiess. Little has yet been done in the UV or IR
where most biological systems are of interest. Refinement
of techniques and incorporation of more sophisticated
recording devices would enable exact determination of
adsorption rates in addition to catalysis effects and corre-
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sponding redox systems,
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