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Abstract: When a laser beam strikes an electrode, some of the beam is diffracted away from the main beam into the electrode
shadow. If the electrode is oriented such that part of the beam travels parallel to the active surface before diffraction occurs,
the diffracted light will be affected strongly by the presence of chromophores near the electrode surface. Absorbance measurements
made by using the diffracted light provide a sensitive and fast probe of the generation and decay of electrogenerated chromophores,
permitting greatly improved performance compared to previously used spectroelectrochemical techniques. In addition, the
diffracted light contains spatial information about the distribution of chromophores within the diffusion layer. Theory and
experimental verification for the new method are presented, and the advantages of high sensitivity, fast response, and spatial

resolution are discussed.

Electrochemistry has long been employed for the generation
and monitoring of reactive species in solution, usually on a time
scale of a few seconds down to the submillisecond range. The
most common approach involves controlled potential experiments
such as voltammetry and chronoamperometry, where the current
is monitored and used to deduce mechanistic and thermodynamic
information. While methods based on measurement of current
have been very widely used with significant success, they often
suffer from an inherent lack of selectivity. Controlled potential
methods are excellent for generating reactive species, but the
observed current may reflect the reactions of several solution
species. Particularly with complex reactons of electrogenerated
species, the observation of current is often insufficient to deduce
a mechanism, or even to measure overall rate constants.

The addition of an optical probe to an electrochemical ex-
periment provides a powerful basis for increased selectivity.
Several types of spectroelectrochemical methods have been de-
veloped, involving a variety of spectroscopic and electrochemical
techniques. The methods involving a combination of UV-vis
spectrophotometry and controlled potential methods have been
reviewed and their merits and problems discussed.! A variety
of configurations has been used for absorption spectroelectro-
chemistry, including a beam passing through an optically trans-
parent electrode,' a beam reflected off an electrode,® internal
reflection at the electrode surface,* and a beam passing parallel
to a planar electrode.® These techniques have been used suc-
cessfully for a variety of problems and have greatly increased the
utility of spectroelectrochemistry for studying fast reactions.
However, there are some limitations when the techniques are
applied to systems with short-lived or weakly absorbing electro-
generated species. The inherent heterogeneous nature of elec-
trochemical processes dictates that all events of interest occur
within a thin layer of solution near an electrode surface (thickness
~ (D)} or ~100 um at 10's). The thinness of this layer places
severe constraints on the optical methods employed to monitor
electrogenerated components. For a beam passing through a
transparent electrode, the effective path length is very short (~ 100
pm or less) so the technique is insensitive and limited to strong
absorbers with relatively long lifetimes. While internal reflection
spectroscopy allows one to monitor events very close to the
electrode surface, the length of the evanescent wave (~1000 A)
dictates a short effective path length.
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Several reports from this laboratory have discussed methods
to improve the sensitivity of spectroelectrochemical methods by
increasing the effective optical path length. A beam reflected off
an electrode at glancing incidence allows an improvement in
sensitivity by a factor of 100-200 over transparent electrode
techniques,®’ but higher values were not attainable reliably. A
different approach with light passing parallel to the electrode had
comparable sensitivity, but was not useful for species with lifetimes
less than about 100 ms.® In addition, a significant error in the
parallel geometry results from diffraction caused by the electrode.
This diffraction causes a moderate decrease in sensitivity and limits
how close to the electrode one can monitor chromophores. When
a reactive species is generated at the electrode, it will not diffuse
away very far (e.g., 10 um for a 100-ms lifetime), so poor per-
formance at short distances represents a serious drawback when
monitoring short-lived species. The present effort is directed
toward development of a method providing high sensitivity at short
times.

Consider a beam of light impinging on an electrode with part
of the beam striking the electrode and part of it traveling parallel
to the active surface, as shown in Figure 1. Diffraction by the
electrode will scatter light away from the main beam, and some
diffracted intensity will appear both in the shadow of the electrode
and in the region below the beam in Figure 1. This diffraction
process will be considered in detail below, but it is important to
note that the major contribution to diffracted intensity comes from
light passing close to the electrode surface. Clearly light passing
distant from the electrode will not be appreciably scattered, so
to a first approximation, it is true that the diffracted light has
passed through the region of interest close to the electrode. If
diffracted intensity were monitored during generation of a
chromophore, it should be very sensitive to chromophore con-
centration. The advantage of using diffracted light stems from
the requirement that absorption must occur at distances very close
to the electrode in order to attenuate light which is then diffracted.
The comparatively long electrode provides high sensitivity, since
the path length for absorption is determined by the electrode
dimension, unlike methods based on transparent electrodes, where
the effective path length is determined by the diffusion layer
thickness. In addition, the diffracted light contains spatial in-
formation about the distribution of chromophores in the diffusion
layer. In a fashion similar to X-ray diffraction experiments, it
should be possible to extract diffusion profile shapes from optical
diffraction patterns, with a resolution on the order of the wave-
length of the light employed. The objective of the present effort
is to develop the theory describing the response of light diffracted
by an electrode to the generation of a chromophore at the electrode
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Figure 1. General experimental configuration for monitoring light dif-
fracted by the electrode. Diffracted intensity is symmetrically distributed
above and below the undiffracted beam.
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Figure 2. Coordinate system used in theoretical analysis. |F - 7] is the
propagation distance of light originating in the diffusion layer and ar-
riving at some arbitrary point on the screen.

surface. Verification of theoretical predictions with the use of
a test system is presented, and the advantages of spectroelectro-
chemistry with the use of diffracted light are discussed.

Theory

The objective of a theroetical analysis of the diffraction problem
is to determine the dependence of the intensity of diffracted light
appearing at a suitable target on the presence of electrogenerated
chromophore. The intensity changes are most easily expressed
as absorbance, which can be calculated from the ratio of intensity
without chromophore to that with chromophore, at a particular
target coordinate and time after initiation of electrolysis. As shown
in Figure 1, the diffractive object is an edge with finite thickness
along the optical axis. In theory, Maxwell’s equations describe
the diffraction of light by any object, but in practice the case of
an edge with finite thickness along the propagation axis is ex-
tremely complex. As the z dimension of the edge shown in Figure
1 is made thin, however, the limit of an infinitely thin edge is
approached, and this case has been examined in detail® The only
approximation necessary to predict diffraction by an electrode
with or without electrogenerated chromophore is that the electrode
diffracts light as if it were a thin edge. No other physical ap-
proximations are necessary in the theoretical analysis, and the
validity of the thin edge assumption will be verified below.

Given the coordinate system shown in Figure 2, the diffracted
intensity at a point (x,y,z) on the screen can be calculated from
the Kirchoff-Huygens diffraction theory,” which essentially states
that the amplitude of light at a point on the screen is a summation
of all contributions from the original beam, as if each point in

(8) See for example: (a) Born, M.; Wolf, M. “Principles of Optics”,
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Geometrical Optics”; Interscience Publishers: New York, 1958. (c) Lon-
ghurst, R. S. “Geometrical and Physical Optics™; Longmans, Green and Co.;
New York, 1957. (d) Marcuse, D. “Light Transmission Optics”; Van
Nostrand Reinhold: New York, 1972.
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on optics; for particularly clear treatments see ref 2d, p 31, and ref 8¢, p 193.
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the beam at the electrode were a spherical radiator. Application
of this principle at point 7 = (x,y,z) yields eq 1, describing the
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amplitude of the diffracted light at thescreen (4(7)). In this
equation 7’ = (x’,5",0) denotes the coordinates of a point on the
plane of the side of the thin electrode nearest the screen (z = 0)
and the wavenumber, k, is 27 divided by the wavelength of the
incident light. The integration is over the plane of the trailing
side of the electrode and Y(x’,y”) is the amplitude of the light on
the plane. The amplitude function Y(x’y’) has the following form.
On the electrode itself Y(x’,y") is zero, so, for the case pictured
in Figure 2, y(x’y’) = 0 for all x’> 0. On the remainder of the
x’,y’ plane the amplitude is assumed to be determined by the
absorptivity of the diffusion layer according to Beer’s law. Thus
Y(x’,y") for x’ < 0 is given by

Y(x'p) = LA(xp)107C 2 2

where Io(x’,y’) is the intensity of the incident light (a circular
Gaussian beam in this case), ¢ is the extinction coefficient of the
chromophore at the frequency of the incident light, b is the length
of the electrode along the optical axis, and C(x’) is the concen-
tration of the chromophore at the point x’,y’and is independent
of y’ for the present case. C(x’) was calculated from standard
linear diffusion equations, assuming the case of a stable electro-
generated chromophore. Note that the amplitude function y could
represent any two-dimensional shape with arbitrary optical density.
Thus slits, or holes, or any electrode configuration could be used,
and the resulting diffraction calculated by using eq 1.

Equations 1 and 2 are a complete expression of the model for
diffraction from a thin electrode. The electrode is assumed
sufficiently thin (b sufficiently small) that eq 2 gives the amplitude
of light at the trailing edge of the electrode and we therefore
neglect surface effects and diffractive effects associated purely
with the finite thickness of the electrode. With that assumption
standard arguments of diffraction theory guarantee that eq 1 gives
the amplitude reaching the screen and therefore yields the dif-
fraction pattern. The mathematical approximations made below
are only for convenience in evaluating the integral in eq 1 and,
were they to fail, they could be discarded and the integral evaluated
by direct numerical means.

Depending on the distance from the screen to the electrode,
eq 1 can be treated by one of two standard simplifying approx-
imations, the Fresnel and Fraunhofer approximations.!® The
Fresnel approximation is useful at relatively small distances and
small diffraction angles. While it leads to an integral which can
be evaluated by numerical methods, it does not give the most useful
result. The Fraunhofer approximation, on the other hand, is useful
at large distances from the electrode, and it yields a simpler
expression for the diffracted amplitude. The Fraunhofer region
is also more useful from an experimental standpoint because the
diffracted light has been scattered significantly away from the
main beam, whereas in the Fresnel region it would be necessary
to monitor small changes in the main beam intensity. In the
Fraunhofer region (|7] > |7]) the distance |F — 7] appearing in
eq | is approximated by

N 2+ ) (xx’+yy)
2z - z

F-Fl=~z

3

in the exponential and simply by z, the distance from the electrode
to the screen, in the denominator. The integral for A(F) then
becomes an ordinary Fourier transform.

{ 2 2
A = 5’1% exp[—ik(z + (i-;;y—))] X
- e k
J.J. °"p[i(%{)"'+ "(7y)y’]¢(xﬁy9 dx'dy’ (4)

(10) Reference 8c, p 195; ref 8d, p 39.
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Figure 3, Amplitude function (¢(x")) at the electrode. Dashed line
represents a Gaussian laser beam truncated at its center by an opaque
electrode. Solid line is same curve with an electrogenerated chromophore
present.

This expression is valid for any arrangement of slits or apertures
in the electrode, but it can be further simplified in the case shown
in Figure 2 where only the diffraction pattern as a function of
the screen coordinate x is desired. For this case with an incident
circular Gaussian beam, y(x’,y") can be factored into a product
of functions of x’and y’

Ux'y) = ¢(x)e() ®)

and we can collect the result of the y’integration together with
the other y dependent factors in eq 4 into a single function, a(y),
which is constant for the present experiment at a fixed value of
y. The A(F) is given by

A() =
ika(y)

2wz

exp[-ikz - ikx?/2z] j::qb(x’) exp[i(%—t-)x’] dx’ (6)

with ¢(x) given by
(x”) = ipl/2(x)107CN/2 )

where io( x) is the intensity of the incident beam as a function
of x”and ¢ is the x” dependent factor when [; (x’,y") in eq 2 is
factored into a product of functions of x’and y’. Figure 3 shows
the function ¢(x”) for an electrode edge with and without chro-
mophore present. The dashed line is the amplitude of a Gaussian
laser beam partially occluded by the electrode, and the solid line
shows the same profile after generation of chromophore, assuming
linear diffusion.

When A (F) from eq 6 is converted to intensity (|4(F)|?), the
term preceding the integral becomes a constant independent of
the presence of chromophore or the x coordinate on the screen.
Thus it is only necessary to consider the integral of eq 6, which
is simply the Fourier transform of the amplitude function ¢(x").
Once ¢(x’) is calculated from the properties of the chromophore,
the integral can be evaluated by a number of standard numerical
techniques including the fast Fourier transform algorithms often
used in X-ray crystallography. Thus if the concentration function,
C(x), and the intensity profile of the incident laser beam are
known, the intensity |4(7)|? can be calculated as a function of the
screen coordinate x for fixed values of z and y. Furthermore, if
only relative intensities are desired as a function of screen coor-
dinate, the pre-exponential constant in eq 6 need not be calculated.
It is worth noting that it is generally true that the Fraunhofer
diffraction pattern is the Fourier transform of the amplitude
function which generated it.!! For example, a single slit produces
a pattern with a large central maximum and secondary maxima
which diminish in intensity with distance from the central max-
imum. Each maximum is a Fourier component, with the con-

(11) Gaskill, J. P. “Linear Systems, Fourler Transforms and Optics”; John
Wiley & Sons: New York, 1978; p 376.
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Figure 4, Diffraction patterns for amplitude distributions of Figure 3,
calculated by Fourier transform and conversion from amplitude to in-
tensity. Diffracted intensity is symmetric about x = 0. Dashed line is
pattern for electrode without chromophore; solid line is pattern in the
presence of chromophore.

tribution diminishing with higher spatial frequency (larger angles).
When the sinusoidal components represented by these maxima
are summed, one obtains the original square wave shaped profile
of the slit. For the present experiment, a single edge was used
because of ease of construction and alignment. The results of
calculations based on the Fourier approach for an edge electrode
are discussed below.

Equation 6 also provides the theroetical basis for the inversion
process of determing the shape of any concentration profile from
the Fraunhofer diffraction pattern. The process is analogous to
determining structures from X-ray diffraction, except optical
wavelengths are used to determine profiles with features with
dimensions on the order of the wavelength employed. Applying
an inverse Fourier transform to both sides of eq 6 results in eq
8. Thus if the amplitude at the screen (A(7)) is known, ¢(x”)

(®)

can be determined and the concentration vs. x’ profile deduced.
Work on the inversion problem is in progress, but the present paper
is directed toward assessing the validity of the theory outlined
above.

To predict a diffraction pattern for an absorbing diffusion profile
intercepting a Gaussian beam (Figure 3, solid curve) the Fourier
transform of the amplitude vs. x profile, ¢(x’), was evaluated.
Figure 4, dashed curve, shows the squared modulus of the Fourier
transform of Figure 3 (dashed curve), representing a bare edge
without chromophore. While only positive values of the screen
coordinate x are shown, the pattern is symmetric about x = 0.
Note also that intensity rather than amplitude is plotted to permit
experimental comparison. The diffraction pattern for an edge
shown in Figure 4 does not display the classical oscillatory Fresnel
pattern but instead shows smooth behavior analogous to the 1/x?
intensity pattern expected in the Fraunhofer region for an illu-
minated bare edge. Thus the dashed curve in Figure 4 shows the
diffraction from a partially obstructed Gaussian beam viewed at
great distance, rather than a completely illuminated edge viewed
in the Fresnel region, close to the edge. In Figure 4, the solid curve
shows a transform of the same electrode with an electrogenerated
absorber included. The parameters which served as input to the
Fourier transform computer algorithm correspond to the exper-
imental quantities used for verification. By comparison of the
two curves in Figure 4, it is apparent that the larger angles are
attenuated more, a point which is more obvious in Figure 5, which
shows absorbance calculated from the curves in Figure 4. The
larger angles represent the higher Fourier frequencies required
to synthesize the original amplitude distribution at the electrode.
Thus it is reasonable that the higher angles are attenuated more,



Diffractive Spectroelectrochemistry

7r

Screen

Absorbance at

0 1 1 I ! I 1 ] ] I |
0 04 08 1.2 1.6 20

X, Screen Coordirate

Figure 5. Absorbance measured at the screen, as a function of screen
coordinate. Absorbance was calculated from Figure 4 and is defined as
the base 10 logorithm of the ratio of diffracted intensity with chromo-
phore absent to that with chromophore present.
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Figure 6. Theoretical absorbance vs. time profiles at particular diffrac-
tion angles. Reference intensity for absorbance calculation was that
occurring before electrogeneration of chromophore began. Electrode path
length = 0.5 mm, ¢ for chromophore = 10750, diffusion coefficient =
1.49 X 107, bulk precursor concentration = 1.2 X 107 M.

since they describe the sharpness of the edge. As the chromophore
is generated, the edge becomes less sharp, and the higher Fourier
frequencies are less important. Viewed slightly differently, the
optical density distribution near the electrode in the absence of
chromophore is composed of higher Fourier frequencies than the
more rounded distribution when chromophore is present.

As time progresses from the start of electrolysis, the shape of
the profile depicted in Figure 3 changes as chromophore diffuses
away from the electrode. By evaluating the Fourier transform
in eq 6 for a series of amplitudes, ¢(x”) corresponding to con-
centration profiles at different times, a plot of diffracted intensity
at a particular angle can be obtained as a function of time after
beginning the electrolysis. Figure 6 is such a plot, for uncom-
plicated linear diffusion, where the absorbance being plotted is
the log of the ratio of intensity before to that after electrolysis
began. Several important features which indicate the value of
the technique can be observed in this plot. First, the response is
very fast, particularly at high angles, with 0.55 absorbance units
being reached in 25 ms at 1.2°. This absorbance is 76 times that
expected for an optically transparent electrode experiment of
conventional design. Second, the absorbance at long times reaches
a constant value (0.65) regardless of angle. The value calculated
from Beer’s law by using the electrode dimension along the optical
axis as a path length and a chromophore concentration equal to
the bulk precursor concentration is 0.65. This limiting value
corresponds to the situation where chromophore has filled the
region near the electrode, up to the original bulk concentration
of precursor. This is optically equivalent to attenuating the entire
input beam, so all diffracted light is attenuated equally at long
times. Note that the higher angles reach this limiting value faster,
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Figure 7. Configuration for diffraction experiment. Reference and
auxiliary electrodes were in solution below the working electrode com-
partment and solution was held near the working electrtode by capillary
action. The focal length of the lens was 36.5 cm. The aperture preceding
the photomultiplier was a 0.8 mm diameter hole.

again implying that higher angles correspond to higher spatial
frequencies, which are derived from regions close to the electrode.
There is not a one-to-one correspondence between diffraction angle
and distance from the electrode, but it is true that higher angles
have a greater contribution from events close to the electrode
surface. For light diffracted at 1.2°, the absorbance reaches the
limiting value in roughly 100 ms, corresponding to a diffusion layer
thickness of 11 um (17 wavelengths of 632.8-nm light). So
diffraction at 1.2° has its greatest contributions from events within
about 20 wavelengths of the electrode surface.

The third conclusion derived from theory is that the diffracted
light contains spatial information, since the absorbance vs. time
curve is highly dependent on angle. As the shape of the diffusion
layer changes, so does the distribution of diffracted light. It should
be possible to invert the diffraction pattern to obtain the distri-
bution of chromophore as a function of distance from the electrode.
Despite the fundamental nature of concentration vs. distance
profiles to questions about mass transport and reaction mecha-
nisms, they have not been observed experimentally with an ac-
curacy better than about 20%. A final consideration of the
diffractive approach is its potentially high sensitivity. The path
length is not dictated by the diffusion layer thickness but rather
by the electrode length. While the theory assumes a thin electrode
edge, it is nevertheless possible that a long (~1 cm) electrode could
be used to examine weak chromophores.

Experimental Section

The optical arrangement is shown in Figure 7. Solution entered the
electrode region from below, from a cell containing the reference and
auxiliary electrodes. The potential was controlled with a commercial
potentiostat triggered by a laboratory computer which also monitored the
signal from the detector. The platinum electrode was 0.5 mm along the
optical axis, and the exposed edge was polished to a mirror finish with
alumina. The glass shields on the electrode assured linear diffusion and
defined the boundaries of the cell. The beam from a 5 mW He-Ne laser
(632.8 nm) was directed onto the electrode by a beam steering device,
and the electrode could be rotated relative to the beam. The electrode
was first positioned so that part of the beam was reflected off the active
surface, then the electrode was rotated so the reflected and nonreflected
beams coincided. This process assured that the active electrode face was
parallel to the input beam. The detector was a 1P28 photomultiplier
operated with conventional electronics and interfaced to the computer.
Given that the diffracted intensity is symmetric about the origin of the
screen coordinate, the detector was placed in the shadow region of the
electrode to minimize stray light from reflection or other nondiffractive
scattering. The detector was positioned with micrometer stages, and the
entire apparatus was mounted on a vibration isolated optical table.

The lens following the cell served to impose the Fraunhofer condition
necessary to validate the Fourier transform. A dectector positioned on
the focal plane of the lens will be sampling light which was parallel when
entering the lens. The requirement for parallel input light to the lens
automatically validates the Fraunhofer approximation, since the screen
position is effectively at infinity. Each point on the focal plane of the
lens represents a particular Fourler frequency, dictated by the following
expression:

X =2Zm\/2L 9

where Z = the focal length of the lens, m = the component of the
numerical Fourier transform, and L = the physical width of the input to
the transform algorithm.

The theory discussed above assumed the entire diffraction process
occurred in a medium of constant refractive index, but in the experiment
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Figure 8. Comparison of theory and observation for diffraction of a
Gaussian laser beam by a 0.5 mm thick electrode edge. Solid line is
theoretical intensity and points are observed. The y axis scale was ad-
justed for best fit, so the shapes of the curves are meaningful, but absolute
intensity comparisons are not.

a phase boundary between acetonitrile (# = 1.34) and air (n = 1.00)
occurs. A correction for this phase boundary is not necessary because
the change in direction at the interface is compensated by the diffraction
process. Suppose for the moment that the entire experiment were per-
formed in a solvent of refractive index x,, where the wavelength is shorter
than in air (A, = A\,,/#,). Equation 9 would become:

X m o
Sne = 7 = ZnL (

where « is the scattering angle within the solvent. When this scattered
light passes into air, the observed angle (3 in Figure 7) will be larger than
« according Snell’s law:

sin & = (sin 8)/n, (11
Substituting into eq 10,

. X, _ mA, 12

sin 8 = Z. - oL (12)

Notice that eq 12 is identical to eq 9, except 3 is the apparent diffraction
angle measured in air.

The test system employed was the one-electron oxidation of tri-
anisylamine (TAA) to its cation radical at 0.6 V vs. SCE in acetonitrile.'?
The diffusion coefficient!? in 0.1 M TEAP is 1.49 X 10~° cm?/s and the
molar absorptivity!® at 632.8 nm is 10750 M~! em™. TAA was obtained
as a gift from R. N. Adams (University of Kansas). Tetraethyl-
ammonium Perchlorate (TEAP) was obtained from Eastman and used
without further purification.

Results

A comparison of theoretical and experimental diffraction
patterns for a bare electrode without chromophore is shown in
Figure 8. The measured intensity was uncalibrated, so its
magnitude was scaled until the best fit with theory was obtained.
The distance scale is absolute, so Figure 8 indicates that the
diffracted light changes with angle as predicted from theory. These
results also indicate that a 0.5 mm thick edge diffracts light in
the same fashion as expected from an infinitely thin edge.

Rather than constructing diffraction patterns in the presence
of chromophore at a particular time after electrolysis began, it
is simpler and more informative to observe intensity changes at
a particular screen coordinate as a function of time. Figure 9
shows absorbance vs. time plots monitored at the focal plane at
various angles relative to the optical axis. The reference intensity
for the absorbance calculation was the intensity before the potential
step occurred. At times longer than the ! s shown here, all curves
at all angles studied (up to 1.2°) reached a value of 0.65 absor-

(12) Winograd, N.; Kuwana, T. Anal. Chem. 1971, 43, 252.
(13) Prulksma, R, Ph.D. Thesis, Ohio State University, 1980.
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Figure 9. Experimental absorbance vs. time curves as a function of
diffraction angle for the oxidation of TAA (1.2 mM) in acetonitrile.
Reference intensity for absorbance calculations is the intensity preceding
electrolysis. Electrode length along optical axis = 0.5 mm.

bance units. The theoretical absorbance vs. time curves shown
in Figure 6 were calculated for the experimental conditions
producing Figure 9.

Discussion

The agreement between theory and experiment shown in Figures
6 and 9 is quite good, indicating that the Fourier transform ap-
proach (the Fraunhofer approximation) adequately describes the
effect of an electrogenerated chromophore on diffraction from
an edge. The approximation of a 0.5-mm electrode by a thin edge
appears to introduce little error, at least under the conditions used
here. Furthermore, preliminary experiments with a 1.3-cm
electrode show good agreement with theory, even at short elec-
trolysis times (~25 ms) where the diffusion layer is very thin
relative to the electrode dimension along the optical axis. Thus
the Fraunhofer region appears insensitive to the electrode thickness
within the limits examined here. One would predict that the
1.3-cm edge would degrade the spatial information in the diffracted
light, leading to a trade-off between spatial resolution and sen-
sitivity. Nevertheless, the long-path electrodes will be useful for
quantitative analysis, particularly at long (>1 s) times, where the
absorbance has reached the Beer’s law value. A different potential
source of error is the phase shift caused by small changes in
refractive index when the substrate is oxidized. This error also
appears small, a reasonable observation when one considers that
methods used to measure refractive index changes in the diffusion
layer require concentrations about 100 times larger than those
used here. The most noticeable deviations between theory and
experiment occur at small angles (0.4° or less) where the accuracy
of measuring the angle is poorest. In addition, small errors in
alignment and positioning of the electrode relative to the beam
affect the results at small angles more than at large angles.
Variations in small-angle response with positioning are evident
experimentally and will be decreased with more accurate align-
ment.

The experimental results verify that the major theoretical
predictions are valid. First, the response is fast at large (1.2°)
angles, with 0.8 absorbance units being attained in 70 ms. Higher
angles and faster response are possible, but the present laser lacked
sufficient power. The experimental value at 70 ms and 1.2° is
120 times that obtained for an optically transparent electrode
under similar conditions. Second, the observed absorbance reaches
a constant value at long times, independent of angle. As predicted
by theory, this value is the Beer’s law result corresponding to a
nearly homogeneous distribution of chromophore in the region
near the electrode. Third, the variation in diffracted intensity with
angle and time indicates the pattern is sensitive to spatial dis-
tribution of chromophore, since each distinct pattern is derived
from a different intensity distribution at the electrode. A Fourier
inversion of the diffraction pattern will then yield the chromophore
distribution as a function of time. Accurate experimental diffusion
profiles can be used for examining both simple and complex
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processes associated with charge transfer when the dominant mode
of mass transport is diffusion. In addition, concentration profiles
for electromigration or turbulent conditions could be obtained,
elucidating a variety of mass transport processes. Different
electrode shapes, including microelectrodes, which have quite
different diffusion profiles, are amenable to the same approach.
Finally, the results demonstrate that absorbance is proportional
to path length, so an electrode with a longer dimension along the
optical axis will have higher sensitivity to the presence of chro-
mophores. Unlike most spectroelectrochemical measurements,
where effective path length is dictated by the diffusion process,
the diffractive approach allows sampling of distances close to the

electrode so long paths can be employed.

Given the theoretical basis of diffractive spectroelectrochemistry,
future efforts will be directed toward establishing the practical
limits on electrode length, time resolution, and sensitivity. In
addition, the inversion process producing a diffusion profile shape
from a diffraction pattern will be examined. The improved speed,
sensitivity, and information content of the diffractive approach
should significantly increase the generality of spectroelectro-
chemical techniques.
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Abstract: Two-dimensional NMR techniques which separate the chemical shift and heteronuclear dipolar interactions are
applied to samples spinning at the magic angle. Because of the inhomogeneous nature of the two interactions, rotational echoes
are observed in the time domain of each dimension. The corresponding Fourier transforms yield rotational sideband spectra
which provide information on the principal values and relative orientations of the shift and dipolar tensors, and, from the latter,
internuclear distances may be calculated. The techniques therefore provide a means for obtaining structural data, for example,

BBC-!H and '"N~!H distances, in powder samples.

I. Introduction

One of the principal aims of high-resolution, solid-state NMR
techniques is the suppression of homo- and heteronuclear dipolar
interactions and the recovery of underlying chemical shifts and
scalar spin couplings. Nevertheless, the development of high-
resolution methods has suggested ways whereby dipolar couplings
may be retained, and since these interactions contain information
on internuclear distances and directions, they are clearly of
considerable chemical significance. A particularly simple example
is the observation of dipolar splittings between magnetically dilute
spin pairs such as *C-14N or 3C-13C.>* In these cases, the
proton-decoupled "*C spectra show dipolar splittings from adjacent
14N or *C nuclei. In addition, it has been demonstrated that a
number of other chemically interesting groups constitute mag-
netically dilute systems, two examples being *C-'"H and ¥N-'H.
In the case of "N, which possesses a quadrupole moment, the lines
are dispersed over 10°-10% Hz, and the “N-'H couplings, which
are of the order of 10-15 kHz, are easily seen in single crystal
spectra as small splittings on well-separated resonances.® How-
ever, the situation where one interaction dominates the other is
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not commonly encountered. More often, for example, in *C-'H
spectra, the dispersion of shifts is approximately the same size
as the heteronuclear dipolar interaction, and consequently there
is considerable overlap in the spectra, particularly in polycrystalline
samples.

The separation of chemical shift and heteronuclear dipolar
interactions in the NMR spectra of single crystals has recently
been the subject of a number of two-dimensional experiments,”®
These methods, which are applicable to other inhomogeneous
interactions,’ generally allow for the evolution of the dipolar
Hamiltonian during an interval prior to a proton-decoupled
sampling period. Chemical shift spectra obtained in this manner
receive information from the dipolar Hamiltonian in the form of
a modulation, and a second Fourier transformation!® separates
the two interactions. This experiment is also applicable to powder
samples!’!2 but when overlap from magnetically inequivalent
nuclei occurs, the spectra are difficult to interpret.

The separation of overlapping chemical shift powder spectra
can be accomplished with magic angle sample spinning
(MASS).!13!'4  When the spinning speed greatly exceeds the
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