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adsorption after heating to 300.0 °C then cooling to 60.0
°C is consistent with the latter observations.

Madey et al.” also report that methane’s fraction of the
hydrocarbon product at 425 °C (0.99) is considerably
higher than this fraction at 175 °C (0.90). It has been
suggested that while the methanation mechanism may
involve the hydrogenation of a surface carbon species
produced by the decomposition of CO, the formation of
higher hydrocarbons may require oxygen-containing
species as intermediates. This would certainly be con-
sistent with the results of Figure 3. At T = 180.0 °C, for
example, considerable adsorbed CO is available from which
oxygen-containing species could be formed while at 240.0
°C there is little adsorbed CO and carbon atoms appear
to be the predominant surface species.

Care must be taken, however, in extrapolating our re-
sults of Figure 3 to other reactant pressure regions, since
the corresponding experiments carried out in the 107 torr
range showed a similar type of behavior but the CO band
disappears at a temperature approximately 70 °C lower
(Figure 4).
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A Laser-Induced Transient Photovoltaic Etfect Using Blocked Electrodes
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An aqueous solution of KMnO, is irradiated with a pulsed laser source. In the absence of an initially applied
voltage, a transient photopotential is observed along the axis of excitation. The sign, magnitude, and temporal
dependence of the photopotential are shown to be dependent on, and characteristic of, the nature of the solute.
It is shown that the peak potential is linear in the excitation power of the laser source and in the quantum
yield for the photoreduction of MnO,~ as a function of excitation wavelength. It is suggested that the transient
potential originates from the photochemical perturbation of the electrode—electrolyte double layer.

Introduction

Traditional electrochemical techniques apply electrical
perturbations to a solution and measure the current and/or
voltage response of the solution.! This study explores the
electrical response of solutions to photochemical pertur-
bations in the absence of an initially applied field.

Photovoltaic phenomena are hardly new,? but the in-
troduction of the laser to these experiments allows us to
reexamine these phenomena in a radically new light.3* We
see the following advantages in using a laser to induce a
photochemical perturbation in a solution. First, the per-
turbation is induced in a very short time—on the order of
6-10 ns—with a nitrogen-pumped dye laser. This fine
temporal resolution allows us to study rapidly decaying
transients formed near the electrode-solution interface
with relative ease compared to traditional techniques.
Secondly, the laser provides a tunable, narrow excitation
frequency. Spectral resolution allows us to deposit a
precise amount of energy into a solute and follow its
electrochemical behavior as a function of excitation
wavelength.

To begin our study of laser-induced photovoltaic phe-
nomena, we chose to measure a transient potential using
a blocked electrode because such measurements allow one
to isolate the perturbative influence of the light. We se-
lected the permanganate system for detailed study because,
after cursorily examining a number of solutes in aqueous
solution, we found that the permanganate ion produced
the largest value of the peak photopotential. This was a

fortunate choice. The photochemistry of MnO,~ under
steady-state photolysis has been studied by several work-
ers®® and, although the mechanism of the photoprocess
remains in doubt, Zimmerman’ has demonstrated that the
quantum yield for MnO,~ photoreduction varies markedly
as a function of excitation wavelength.

Experimental Section

Reagents. Reagent grade KMnO, (Matheson Coleman
and Bell) was used without further purification. Solutions
were prepared with triply distilled water. All of the results
which have been obtained indicate that (1) the per-
manganate solutions used in this work were stable® with
respect to decomposition for at least several days and (2)
the water used as the solvent contained no species that
contributed to the transient photopotentials being mea-
sured. In spite of the above, the measurements reported
here were made on freshly prepared KMnO, solutions.

Cell Design. The basic cell design which has been used
in this work is shown in Figure 1. The electrodes in the
cell are made of NESA glass—SnQ, coated on borosilicate
glass (Practical Products Co.). These electrodes are con-
ducting and optically transparent at wavelengths greater
than 310 nm. The electrodes have been coated by vacuum
deposition (UVIRA Optics, Mountain View, CA) with a
1-2-um layer of quartz to prohibit direct contact between
the solution under investigation and the SnO, surface.
Electrical connections are made to evaporated silver con-
tacts on each electrode. The solution being studied is
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Figure 1. Schematic diagram of the cell used for transient photopotential
measurements.
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Figure 2, Experimental arrangement for transient photopotential
measurements.

contained between the electrodes in a cylindrical teflon
spacer. Most of the work here was with a path length of
10 mm. The cell is housed in a shielded aluminum box.
The back electrode is grounded to the housing and the
signal at the front electrode is input to an oscilloscope
which is also grounded to the aluminum box. The limiting
factor in the temporal resolution of our experiments is the
risetime, 0.5 us, of the oscilloscope.

Experimental Design. The experimental arrangement
is shown in Figure 2. A pulse generator triggers the os-
cilloscope and then, after a delay of at least 20 us, triggers
a pulsed laser system. The experiment is carried out one
pulse at a time. A long quiescent period (several seconds

to 5 min) between measurements permits the system to .

relax completely from one measurement to the next. The
lasers which have been employed include an N, laser
(homemade, 400 kW), an No-pumped dye laser (Molectron
UV-24, DL14 system), and a YAG-pumped dye laser
(Quanta-Ray PDL). All of these lasers have pulse widths
of 20 ns or less. The laser dyes used and their respective
wavelength ranges were as follows: C495 (515-580 nm),
C500 (473-547 nm), C2 (428-465 nm), C120 (420457 nm),
Bis-MBS (411-430 nm), PBBO (391-411 nm), and BBQ
(373-399 nm).

Results

Three aspects of the transient signal are readily available
in any particular experiment: the magnitude (peak voltage
observed on the oscilloscope with a 50-Q terminator at the
input to the oscilloscope), the temporal behavior, and the

Letters

TABLE I: Transient Photopotentials Observed for
Various Aqueous Inorganic Ions and Other Species

photoactive species® A, nm Adpan, bV
Co(ox),* 337 -120
Fe(ox),* 337 - 206
Uuo,* 337 +100
Cr,0,* 337 +105
Cr(OH,) > 450 -120
rhodamine B 337 —-245
MnO,” 337 - 2250

¢ Concentrations varied from species to species and were
chosen to give the maximum signal for each species. The
concentration dependence of the transient photopotential
is a complex function and is a topic of continuing investi-
gation.
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Figure 3. Transient signal observed for 337-nm excitation of 5.2 X
10* M MnO,~. :

sign. In the experiments reported here these have been
studied as a function of excitation wavelength and laser
power.

The results of several experiments are sufficient to
demonstrate that the photovoltages arise from photo-
chemistry of MnO,™ in the solution and not from some
property of the electronics or impurities in the solvent. (1)
When the cell is filled with deionized water and pulsed
with an unfocused N, laser (1.2 mdJ/pulse), no transient
signal is observed. The detection limit is such that any
transient must produce a voltage at the oscilloscope of less
than 1 uV to be unobservable. (2) There is no transient
produced when nonabsorbing electrolytes such as NaCl or
K,SO, are added to the solution. (3) In those cases where
a transient photovoltage is observed, the transient can be
eliminated completely by blocking the laser beam. (4)
Moreover, the sign of the transient signal can be reversed
either by rotating the cell by 180° with respect to the laser
beam or by reversing the contacts to the electrodes.
Consequently, we conclude that the observed transient
photovoltages originate from species in solution which
absorb the incident laser pulse.

Permanganate ion gives rise to a sizeable photocurrent,
producing signals up to several millivolts. Table I lists the
maximum signal that has been obtained for several solutes.
Because MnO, gave the largest absolute signal, we chose
to concentrate on its behavior in this initial study. Figure
3 shows a typical transient signal for MnO, ([MnO,] =
5.2 X 10 M) at 25 °C excited with a 337-nm N, laser
pulse.

When the excitation wavelength is varied, through use
of the appropriate laser dyes, the magnitude of the tran-
sient photopotential is found to be wavelength dependent.
We present in Figure 4 a plot of the wavelength depen-
dence of the photopotential (squares).. Each measurement
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Figure 4. Wavelength dependence of the transient signal (squares)
and the photoreduction quantum yield (circles) for MnO,". The quantum
yields are from ref 7. The transient signal has been corrected for relative
laser power and the fraction of light absorbed. The squares have been
normalized to unity at 390 nm.

has been normalized to the same laser intensity and cor-
rected for the fraction of incident light absorbed by the
cell and sample at a given excitation wavelength. We also
plot in Figure 4 the wavelength dependence of the pho-
toreduction quantum yield, taken from ref 7 (circles). The
correspondence between the two types of measurements
is striking. The photopotential measurements from 337
to 410 nm were made by using the No-pumped dye laser
as the excitation source. No signal could be detected at
wavelengths greater than 450 nm with this source, and the
measurements in the region of the first absorption band
in MnO,” were performed with the YAG-pumped dye laser
as the excitation source. The data in Figure 5 show that
the magnitude of the transient is linear with laser power.
This fact has been used to correct the data in Figure 4 for
variations in power at the different excitation wavelengths.
In addition to permitting this correction to be applied, the
data in Figure 5 verify that this experiment is monitoring
a one-photon process. The fact that the magnitude of the
photopotential parallels the photoreduction quantum yield
rather than the absorbance of the sample is strong evidence
that the phenomenon we are observing arises from solution
photochemistry rather than from a thermal perturbation
caused by the incident laser pulse.

The temporal behavior of the transient is quite complex.
Although this paper will concentrate on the behavior of
the peak photovoltage, it should be mentioned that the
curve in Figure 3 follows neither a single exponential nor
a t" type decay. This argues against mass transport or
double-layer expansion as the origin of the phenomenon.

The data in Figures 3-5 are obtained from the results
of fewer than five pulses, with a quiescent period between
pulses, on any given solution. Under these conditions less
than 1% of the MnO, has undergone photoreduction.
Following multiple pulses (>20-30) two phenomena are
observed. First, there is an attenuation of the magnitude
of the signal, and second a long (1-2 s) tail is observed to
grow into the decay of the transient.

The data reported here are from unbuffered solutions
of MnO,~ which contain no supporting electrolyte. Studies
in buffered systems at various pH values and with sup-

The Journal of Physical Chemistry, Vol. 84, No. 21, 1980 2687

10 :

1 L | L 1 | I
02 10" |
/1,

Figure 5. Log-log plot of transient signal magnitude vs. laser power
for 5.2 X 107* M MnO," excited at 337 nm.,

porting electrolytes up to 0.1 M indicate that the temporal
dependence and the magnitude of the photopotential are
both functions of the solution composition. However, the
type of data shown in Figures 4 and 5 still obtains and the
wavelength dependence of the photopotential continues
to track the photoreduction quantum yield.

Discussion

We draw the following conclusions from our data: First,
reversing the direction of light propagation through the
cell reverses the sign of the photovoltage. Thus, the dif-
ference in potential between the front and back electrodes,
Ag, references the difference of photochemical environ-
ment between the front and back electrodes:

A¢ = ¢p(x=0) - ¢(x=L) (1)

where L is the separation between the front and back
electrodes.

Second, the peak photovoltage has a linear dependence
on the laser power and closely correlates in wavelength
dependence with the photoreduction quantum yield. This
suggests the concentration of charge near the electrode is
proportional to photoproduct concentration. The photo-
product charge concentration is in turn proportional to the
intensity I(x) and the quantum yield ¢(\). Hence

A¢ « [I(x=0) - I(x=L)]¢(N) (2)

In Figure 4 the squares represent A¢/[I(x=0) — I(x=L)]
and it is not surprising then that the squares track ¢(\),
represented by circles in Figure 4. We suggest that this
method may serve as a new form of actinometry.

Third, the transient photopotential is not due to bulk
ion diffusion. The relaxation time scale of the transient
is far too short and the magnitude of the signal measured
far too large for a diffusion potential. Chemical recom-
bination provides the appropriate time constant for re-
laxation of the photoproducts, but computer simulation
of the superposition of recombination and diffusion does
not produce a transient charge separation, and hence a
transient potential in a 1-cm path length cell.? These
arguments also apply to the case of anthracene photoion-
ization in tetrahydrofuran and thus contradict the previous
interpretation of Bergman et al.® that the photopotential
arises from bulk diffusion.

Fourth, the time scale of the transient, microseconds,
matches diffusion over a length of (2Dt)¥/2 ~ 107 cm or
10® A. This suggests the photopotential originates in the
region of the electrode-solution interface and is caused by
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photochemical perturbation of the electrode double layer.
Double layers are a general consequence of the meeting
of two phases at a boundary. The simple existence of a
boundary for an electrolyte implies an anisotropy on the
forces operating on the particles in the interphase region.!
There are actually several double layers or electrified in-
terfaces in our experiment: the solution—quartz interface;
the quartz-semiconductor interface; and the semicon-
ductor-silver bus bar interface. At the onset of the ex-
periment, the double-layer potentials all cancel. We
speculate the laser pulse alters the chemical composition
of the electrolyte at the boundary of the cell. Now all the
electrified interfaces are still symmetric except the solution
interphasial region. Immediately after the light pulse the
two electrodes (front and back) find themselves in different
chemical environments as a result of the differential ab-
sorption of light at the two electrodes.!! Since the rest of
the system remains symmetric, the potential difference A¢
we observe reflects the unrelaxed difference in chemical
environment between the two electrodes.

Although this study establishes for the first time a clear
relation between photoreduction quantum yield, laser in-
tensity, and observed photopotential, the detailed mech-
anism how a photochemical perturbation alters the double
layer remains unknown, and without such a model we are
presently unable to offer an interpretation for the mag-
nitude, sign, and temporal decay of this phenomenon.
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Magnetic circular dichroism (MCD) analysis of pnictide-containing complexes, [M(CO);E], where M=Cror
W and E = PPh,, AsPh,, or SbPh,, gives direct evidence through the presence of a positive A term that the
lowest energy, spin-allowed optical band is 'E < 1A;, of excited configuration [6e(~d,,, d,,)]}[4a,(~d,»]". The
lower ratio of |A/D| for [Cr(CO)sE] (E = PPhg, AsPh,, SbPhg) compared to [Cr(CO);(amine)] indicates the
presence of less orbital angular momentum in the excited state of the former.

For reasons of their diverse photochemical and thermal
reaction pathways, photocatalytic activities, photophysics,
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and frequently encountered high quantum yields of their
photoreactions, the 3d 4d, and 5d transition metal carbo-
nyls are a most interesting and important class of mole-
cules.! Much of such research either benefits from or
demands detailed knowledge of the involved excited state
and excited MO, so that we are prompted to present such
direct-assignment information from new MCD experi-
mental data and its analysis. Our present results are es-
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