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For me there is only the traveling on paths
that have heart, on any path that may have heart.
There I travel, and the only worthwhile challenge
is to traverse its full length. And there I travel
looking, looking, breathlessly.

Don Juan

from The Teachings of Don Juan

by Carlos Castaneda
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ABSTRACT

An attempt to measure the electrochemical properties of an
excited molecule is made. Polyaromatics and Ru(bipy)32 " are photo-
excited in nonaqueous electrolytes via a monochromatic beam passing
through a thin-metal film electrode. It is concluded that observation
of charge transfer from an excited molecule is not possible because of
rapid quenching by energy transfer to the electrode. All observed
photocurrents in the presence of a light-absorbing solute are explained
by heating of the solution near the interface or the photochemical
generation of electroéctive products. Anodic and cathodic photocurrents
are observed in the absence of a dye. The mechanism of the latter
process entaiis the formation of excited holes and electrons within the
metal with their subsequent reaction at the interface. Photoelectron
ejection into the solution is also proven by the effects of an electron
scavenger.

A related problem is the mechanism of dye-sensitization at a
semiconductor electrode. The concentration dependence of the photo-
induced oxidation of the dye rhodamine 6G at a polycrystalline SnO,
electrode is determined in aqueous and nonaqueous electrolytes.

In water, the concentration study reveals a slow irreversible buildup

of an adsorbed dye layer. Photocurrent spectra suggest that the



sensitizing species is the monomer within the adsorbed layer, slightly
perturbed by its environment. The adsorbed layer structure is
hypothesized to be localized in clumps. In acetonitrile, onset of
sensitization does not occur until 10™* M dye concentrations are
reached. Over the next decade of concentration, the photocurrent
caused by excitation of the electrode decreases_by a factor of two,
indicating the formation of a uniform monolayer. Evidence for sensi-
tization by non-adsorbed molecules is obtained. Again, dilution
reveals an irreversible adsorption process. The observation of
fluorescence quenching of the adsorbed dye as a function of electrode
potential is attempted. The negative results are attributed to the low

quantum yield of the sensitized photocurrent.
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PART I: The Origin of Photocurrents at Metal Electrodes in

Nonaqueous Solvents

INTRODUCTION

The initial impetus for this research was provided by a brief
communication from Crow and Aggarwal 1. They reported the photo-
assisted reduction of nickel(II) complexes at dropping and pool
mercury electrodes. By applying a constant potential corresponding
to the foot of the Ni(II) reduction wave and focusing an intense mono-
chromatic beam onto the electrode surface, large photocurrents
appeared at wavelengths strongly absorbed by the nickel complexes.
Two figures were included which showed excellent correlation between
the photocurrent spectra of Ni(H20)62+ and Ni(en)g2+ and their absorption
spectra. However, an additional uv band was shown which does not
really appear in the solution absorption spectra of these complexes .
Their results seemed to corroborate earlier findings by Durst and
Taylor 3, who observed a photo-induced "pre-wave' when scanning the
potential into the reduction wave of Ni(H20)62+. The proposed mecha-
nism consisted of an initial promotion of electrons from the bonding

tzg orbitals to the antibonding e_ orbitals. The population of e

g g

orbitals then lead to a weakening of the metal-ligand bonds, causing a



lowering of the activation energy for reduction. Alternatively,
electron promotion provided vacant orbitals at lower energy for
electron transfér. In either case, the excited complex is reduced at
a less negative potential than the ground-state molecule.

Crow's second paper 4 amended the earlier results. Plots of
the photocurrent versus potential for various metal ions produced
polarogram-like curves that resembled the dark current polarograms.
Similar results were obtained by us for aqueous Ni* and cd?* (Fig.
I-1). More surprising was the wavelength dependence of the photo-

2+ .2+

current obtained by Crow. Zn2+, Cu , Ni , co®*

2+ 2+

, Mn" , Cr",

2+, Ca2+, and Cd®" all exhibited a similar photocurrent spectrum

VO
when the DME was held at the diffusion-limited reduction potential for
each respective ion. The spectrum contained 5 to 6 peaks between
425 and 725 mpu, with some variation in intensity and position for
different metal ions. Crow hypothesized that the large electric field
near the electrode distorted the d orbitals into approximately the same
configuration for all of the ions; ca** and Cca*" required the invocation
of similar splitting in unfilled f and d orbitals. At those wavelengths,
we believe that a more likely explanation is that a strong heating of
the electrode-solution interface produces convection currents,

increasing the rate of transport of reducible ions to the electrode.

The photocurrent spectrum is then a function of energy flux; in Crow's



experiments, photocurrents were not normalized to a constant flux.
At higher photon energies, electxfons are photo-ejected from the
electrode into the solution; Martinus et al. > proposed the catalytic
scavenging of aquated electrons by Niz+, even when Ni*" reduction

was diffusion-limited, by the reaction sequence:
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Fig. I-1. Cd?" Photocurrent
i -- Peak dark current at a DME

Ai -- Increase of peak current during illumination



e” (metal) e (aq)

e” (aq) + Ni*"¥ —» Ni

Ni" + H,O ——> Ni°" + H + OH"
H —— H (adsorbed)

H (adsorbed) + H,O + e — H, + OH

However, the idea of investigating electrochemical properties
of excited molecules still seemed like a good one; it was merely a
question of optimizing conditions for the observation of electron
transfer from the excited state. One needed a molecule with a high
molar absorbance and a long-lived excited state, such as anthracene
and other cyclic aromatics. Furthermore, the exciting light should
pass through the electrode to maximize intensity at the electrode
surface. The latter condition required an optically transparent
electrode (OTE), of which there were three varieties: thin metal
films, gold grids, and commercial SnO, semiconductor electrodes.
The narrow available potential range of solid electrodes in water and
the low aqueous solubility of polyaromatics then led to the use of non-
aqueous solvents; acetonitrile proved to be optimal from the photo-
‘chemical and electrochemical standpoint. As oxygen rapidly quenched
the long-lived triplets, vacuum line techniques were used to rigorously

exclude it from the system.



In Part I, results obtained with thin metal-film electrodes are
reported; work with the SnO, electrodes has been allocated to Part II.
The initial surprising discovery was the existence of background
photocurrents, obtained in the absence of any dye. Especially puzzling
was the presence of anodic (electrons moving from the solution into the
electrode) photocurrents as well as cathodic ones. When light-
absorbing molecules were added to the solution, additional photo-
currents were observed at wavelengths corresponding to the absorption
bands of the molecules, but it was not at all clear that these photo-
currents were caused by direct electron transfer from photo-excited
molecules.

| Several arguments against the observation of excited state
electron transfer can be presented. The excited molecule is
presumed to be more easily reducible and more easily oxidizable than
the ground state molecule by arguments similar to those presented
for Ni2+; hence, for maximum sensitivity, the electrode is maintained
at a potential between the first oxidation and reduction waves of the
unexcited molecule where only the excited‘species reacts. If, for
example, the electrode transfers an electron into an excited molecule,
the ground state anion, or more accurately, the one-electron
reduction product is produced. However, the electrode potential,

being less negative than the reduction potential, causes rapid



re-oxidation of the reduced product, generating the ground state
molecule with no net photocurrent. There is a possibility that the
reduction product could diffuse away from the electrode surface
before re-oxidation occurred. A theoretical treatment § of just such

a process predicted a maximum photocurrent of 107" A/cm? for
excited state lifetimes (1) of 10™" sec and rapid electron-transfer
rates. Since the magnitude of the photocurrent depended on the square
root of 7, not much could be gained by increasing the excited state
lifetime.

Even more probable than the double-electron step process is
the quenching of excited states by rapid energy transfer to the metal.
Experiments = with dyes spaced at various distances from a metal
surface by fatty acid layers have shown strong fluorescence quenching
occurring within 100 A of the surface. Consequently, an excited
molecule diffusing toward the electrode would be de-excited at
distances too great for electron transfer.

Killesreiter and Baessler 10 did prove the existence of charge
transfer from singlet excitons in an anthracene crystal to a metal
film deposited on or near the crystal surface. Energy transfer
quenching occurred simultaneously. Prock and Zahradnik k. studied
the photoconduction of pyranthrene in benzene at both metal and tin

oxide electrodes. The postulated photocurrent mechanism included



the generation of ions from the bimolecular reaction of an excited
pyranthrene molecule with an unexcited molecule prior to charge
transfer with the electrode. The only report of photocurrents in a
conventional electrochemical system with a metal electrode demon-
strated that the origin of the photocurrents were photochemical
reactions producing electroactive species 12. The systems were
platinum or amalgamated gold electrodes in contact with aqueous
solutions of rhodamine B or fluorescein. The electrode had to be
cathodically polarized initially to produce the doubly-reduced leuco-

- dye. The following reaction scheme was proposed:

D 4 hw ——=D" —*D
D + DH, —> 2DH

i)H—-—>'D+H++e'

where D is the ground state dye, D* the excited singlet state, °D the
triplet state, DH, the leuco-dye, and DH the semi-reduced radical.
Addition of reducing agents also produced the same anodic photo-
currents. The most convincing evidence that the photocurrents were
caused by photochemical products diffusing to the electrode was the
slow rise and decay times of the photocurrents for step pulses of

light. In fact, the decay times were matched with the decay of an

absorption transient due to radicals.



Despite the evidence against the observation of excited-state
electrochemistry, experimentation was continued to elucidate the

mechanisms of the photocurrents in nonaqueous solvents.



EXPERIMENTAL

Electrodes

Working electrodes consisted of a thin film of platinum vapor-
deposited on a quavrtz substrate. Annealing the electrodes in an oven
seemed to prevent the film from chipping and pealing while in contact
with solution. Typical properties were: resistance 20-50 §2/square,
optical density 0.5-1.3, thickness approximately 100 A. Some gold
and platinum thin film electrodes were purchased from Harrick
Scientific Corporation and used without annealing. Representational

absorption spectra are shown in Fig. I-2.

Vacuum electrochemical techniques

Two vacuum-tight electrochemical cells were employed
(Fig. I-3). Cell #2 had superior noise characteristics and a shorter
time response to transient stimuli. The working electrode was
epoxied with TORR-SEAL to the body of the cell. The reference and
counter electrodes were isolated by two asbestos fiber tips and a
medium fritted disc, respectively. A silver wire was used as a
quasi-reference electrode, or dried silver perchlorate was placed in
the reference electrode compartment to form an Ag+/Ag couple when

solvent was added. The potential assumed by the reference electrode
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Fig. I-2. OTE Absorption Spectra
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Fig. I-3. Electrochemical Cells

W -- working electrode
R -- reference electrode
C -~ counter electrode

I -~ indicator electrode
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was measured by the position of half-wave potentials of reversible
couples, e.g., Ru(bipy),(C10,),, or by placing a saturated NaCl
calomel electrode in the cell at the end of the experiment. The cell
was prepared by charging the sidearm with supporting electrolyte,
evacuating the cell overnight, and vacuum-distilling solvent into the
sidearm up to a calibrated mark. The resulting solution was degassed
with three freeze-thaw cycles using an oil diffusion pump. After
pouring the solution into the electrochemical cell, the cell was filled
with de-oxygenated argon to atmospheric pressure to force solution
into the reference electrode compartment, and sealed. A uniform
AgCl0O, solution was produced by agitation with a micro-stirring bar.
The counter electrode compartment was filled through a hole in its
side. A short length of platinum wire functioned as an indicator
electrode during the cyclic voltammograms used to monitor the
electrochemistry. A small sidearm contained solid chemicals which
could be added during the course of the experiment without breaking

the seal.

Chemicals
Acetonitrile exhibited the optimal properties of low solution
resistance and low light absorption down to 200 mu. Purification

consisted of vacuum-distillation of spectroquality acetonitrile
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(Matheson, Coleman, and Bell) Qnto freshly activated alumina and then
into the cell. N, N'—diméthylformamide was fractionally distilled
twice from calcium hydride under a nitrogen atmosphere (15 torr).

1, 2-dimethoxyethane was dried with the benzophenone anion generated
by sodium metal.

Supporting electrolytes were recrystallized five times from
distilled water and vacuum-dried. Solutions were usually 0.1 M
tetraethylammbnium perchlorate in acetonitrile.

Anthracene (blue fluorescence grade), 9,10-diphenylanthracene,
and laser-grade rhodamine 6G chloride were purchased and used
without further purification. Tris(bipyridyl)ruthenium(II) complex and
acridine orange dye were converted to perchlorate salts and recrystal-

lized.

Photocurrent measurements

Because of the extremely small size of the photocurrents, the
cell was placed inside a Faraday cage along with a battery-powered
potentiostat (Fig. I-4) to eliminate power line noise. Measurements
were always made at a constant applied potential. The photocurrent
was converted to a voltage and monitored with an oscilloscope or with
a lock-in amplifier synchronized with a light chopper. A 1000-watt

mercury-xenon lamp was focused through a 10 cm water filter onto
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Fig. I-4. Battery-Powered Potentiostat

W -- to working electrode.
R --to reference electrode

C --to counter electrode

T Xr St vrATEAa A
de ¥V o ™ J-‘.Ltl\-l.b V\JJ.D%\./

G -- case ground

The operational amplifier as a Burr-Brown 3521J (FET
imput, low noise, low power). The 9 V. batteries are
standard transistor power cells; the 2.7 V, source contains
two mercury cells connected in series.

Resistances are in ohms.
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the entrance slit of a Jarrel-Ash #82-410 monochromator. The
exiting beam, filtered to remove higher order spectra, was focused
through a shutter, the light chopper, and a hole in the side of the
Faraday cage (Fig. I-5). The beam passed through the working
electrode and into the solution. Intensity of the beam was calibrated
with a thermopile (Fig. I-6). Photocurrent data was corrected to a
constant light intensity, assuming that the photocurrent was propor-
tional to intensity. When a narrow bandpass was used, fluctuations
in the corrected photocurrent occurred around the mercury line wave-
lengths where strong variations in intensity were present (Fig. I-6).
The fluctuations were attributed to the different wavelength response

of the thermopile and the photocurrent.
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Fig. I-5. Optical Excitation Apparatus
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Fig. I-6. Excitation Beam Intensity

~———— T mpu bandpass; X 10"° photons/sec/cm2

---- 33 mu bandpass; x 10° photons/sec/cm?
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RESULTS AND DISCUSSION

Background photocurrents

Figure I-7 shows the wavelength dependence of the background
photocurrent at a series of constant potentials. The qualitative
features were independent of solvent (acetonitrile, N, N-dimethyl-
formamide, and dimethoxyethane), supporting electrolyte (TEAP,
NaClO,, and NaBF,),and metal (platinum and gold). The solvents and
supporting electrolytes were transparent (absorbance < .01) over
most of the spectral region in Fig. I-7, so the hypéthesis of an unknown
impurity photochemically reacting to form an electroactive product
seems unlikely. The photocurrent quantum yield was low enough that
an impurity that efficiently converted each photon absorbed into an
electron crossing the interface could have an extremely low absorbance.
For example, a photon flux of 10"° photons/sec at the electrode-solution
interface produced a maximum photocurrent of roughly 100 nA. The
solution absorbance calculated for a 1:1 photon-electron conversion
process is then .0003. But in order to account for the short risetime
of the photocurrent (vide infra), the lifetime of the photo-activated
species must be 107 sec or less. Assuming a diffusion coefficient of

10™° cm?®/sec, the photo-activated must then be within VDT, or
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Fig. I-7. Background Photocurrent

The reference electrode was a Ag/Ag* couple,
measured to be +.32 V vs SCE. Photocurrent

magnitude is in arbitrary units.
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3% 10°° cm of the electrode; therefore, the solution absorbance per
centimeter is 10, clearly not a transparent solution. One must resort
to an adsorbed layer. However, the existence of the same photo-
electrochemically active adsorbed impurity in all of the systems listed
above is improbable. A more plausible origin is the metal electrode,
which absorbs 70% to 95% of the light incident on the cell (Fig. I-2).
Heating of the electrode at the electrolyte interface can cause
changes in the double-layer structure and charge density for a short
time after the onset of illumina’cion13 ; at longer times convection
currents are produced that increase the flow of electroactive impuri-
ties to the electrode surface. An increase in solution temperature
also affects the diffusion rates; a typical diffusion coefficient changes
2%/ °C, leadingtoa 1% change in the current. Heating photocurrents
are thus characterized by slow rise and decay times. In contrast, the
background photocurrents exhibited rise and decay times equivalent
to the charging time constant of the cell (Fig. I-8), i.e., ip =
k(1 -e-t/T) or k(e-t/T) where 7 is the characteristic RC cell
constant. The equivalent circuit of the potentiostat-cell combination
is shown in Fig. I-9. Given the conditions that V is constant and
Rf 2> Rs’ then a sudden change in Rf causes an exponential change in
the current as observed in Fig. I-8, where 7 = Rs Cd‘ The physical

process which changes the faradaic resistance must reach a
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Fig. I-8. Time Dependence for Short Intervals

Chopping frequency, 25 Hz
A -- light on; B -- light off

C R double-layer capacitance

R. -- uncompensated solution

resistance

S

Rf -=- faradaic resistance

V -- constant épplied potential

Fig. I-9. Equivalent Circuit for Cell-Potentiostat
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steady-state value much faster than the cell RC constant. For a 0.1
M TEAP/CH,CN solution, 7 for cell #1 was typically 2 msec, for
cell #2, 0.5 msec. Such a rapid and reproducible response discour-
ages the hypothesis that the photocurrents are caused by heating of
the electrode-electrolyte interface.

The wavelength dependence of the photocurrent (Fig. I-7) was
also inconsistent with heating effects. Temperature changes should
be proportional to the energy flux absorbed by the electrode, which in
turn is proportional to the electrode optical absorbance. The platinum
OTE absorbance decreased with decreasing wavelength (Fig. I-2);
one would then predict a drop in the photocurrent for shorter wave-
lengths. However, when the A response was normalized to constant
energy flux, rather than intensity, the photocurrents still rose with
'decreasing Xis

A comprehensive body of experiments L3-27 have proven that
mercury electrodes (and, in one case, silver 28) can photo-eject
electrons into a solvent when irradiated at photon energies well below
the metal work function. Subsequent irreversible scavenging of the
solvated electrons produces a net cathodic photocurrent. Theoretical
treatment of potential and wavelength dependence yields Ip o« (hy -

21

eV - huo)n, where n is either 2" or 5/2 29. Most authors have

plotted Ipl/n versus the applied potential to check linearity.
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The presence of sizable anodic photocurrents at more positive
potentials, which obviously cannot be produced by photoelectron
ejection, makes the photon energy plot more certain in ascertaining
whether the cathodic photocurrents can be attributed to photoemission.
Indeed, quite linear plots were obtained for both exponents (Fig. I-10a),
but with significantly different extrapolated threshold wavelengths.
However, the anodic photocurrents also produced linear plots

(Fig. I-10b), with I;/B giving a slightly better fit to a straight line.
Consequently a further test for solvated electrons was necessary.

- All published experiments had used an electron scavenger, a com-

nnnnnnnnnnnnnnnnnnnnnnnn
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ted eleciroil aiid
prevents its return to the electrode. Two of the most commonly used
scavengers were nitrous oxide and protons. But before effects of
these compounds on the background photbcurrent are described, the
time and history dependence of the photocurrent w1l be discussed.

The background photocurrent exhibited a slow decay over a
period of seconds (Fig. I-11); also a subsequent measurement always
yielded a lower magnitude for constant wavelength and potential. This
phenomenon was particularly evident at high photocurrent densities.
The initial magnitude and even the direction of the photocurrent depend-

ed on prior history of the electrode. For example, in Fig. I-12 a

"eyclic voltammogram'' of the photocurrent was obtained by changing
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Fig. I-10. ipl/n vs. Photon Energy

a -- cathodic photocurrents

Intercepts: n = 2, 2.90eV (428 my)
5/2, 2.71 eV (457 mp)

1l

n

b -- anodic photocurrents

1l

Intercepts: n = 2, 2.28 eV (544 mp)

n=>5/21.97eV (629 mpu)

Il
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Fig. I-11. Time Dependence for Long Intervals

Hand-operated shutter

the potential 0.1 V between each measurement; three complete cyclic
scans were performed to check reproducibility. A large hysteresis
was evident; in particular the zero-crossover point depended on the
direction of the scan. At any given potential, the photocurrent
became more anodic (less cathodic) after the potential had been
scanned to more negative potentials, and more catﬁodic (less anodic)
after a scan to more positive potentials.

28,30

Gerischer et al. have alsoobserved anodic photocurrents

upon irradiation of a metal electrode in contact with a nonabsorbing
electrolyte. His proposed mechanism furnishes the best explanation

for the results presented above (Fig. I-13). Light of sufficient energy
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Fig. I-12. Background Photocurrent Potential Scan

Photocurrent in nA. Positive values indicate
cathodic current. The potential of the

reference electrode vs. SCE is +.39 V.
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Fig. I-13. Reaction Pathways for Excited Holes and Electrons

A -- acceptor; D -- donor;

P -- product; Ef -- Fermi level
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absorbed by the metal produces a separation of electrons and holes,
the electrons occupying the vacant levels above the Fermi level, and
the holes existing below it. These excited holes and electrons have
greater oxidizing and reducing potential, respectively, than the
electrode normally has at the applied potential, and are sufficiently
mobile and long-lived that they can react with electrochemical couples
at the surface of the electrode. Photocurrent is produced when the
electron transfer is irreversible, as in a rapid subsequent chemical
reaction of the donor or acceptor molecule. Photoemission is also
possible if the electron acquires sufficient kinetic energy in the
direction normal to the surface. A change in the applied potential to
a more positive value lowers the Fermi level of the metal relative to
energy levels in the electrolyte, increasing the probability of the
excited hole oxidizing a donor level. Cathodic polarization yields the
analogous effect for excited electrons. In the systems studied, the
maximum photocurrent quantum yield, obtained at the extreme
negative potential, was 107" to 10™*, calculated for photons absorbed
by the electrode. Maximum anodic photocurrents were approximately
one quarter as large. These values are comparable to results
obtained by Gerischer A0

The photocurrent decayed with time because of slow consump-

tion of the irreversible couples near the electrode. However,
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electrolysis at very negative potentials increased the concentration
of donor levels, so that when the potential was returned to an inter-
mediate value, the photocurrent became more anodic. The opposite
process was even more striking; enormous cathodic photocurrents
were observed at 0.0 V (Fig. I-12) after prolonged electrolysis at
more positive potentials.

The identity of the donor and acceptor molecules is uncertain.
In aqueous solution, Gerischer 20 postulated that H,O was irreversibly

oxidized by the excited hole:
h* + HO —> OH , + H — > 0 . + 2HV +e"
2 ads ads

The hydroxyl radical was sufficiently excited that a second electron
was donated into the metal above the Fermi level. A corresponding
pH change was observed during irradiation.

Even in nonaqueous media, water is still a possible scavenger
for holes and electrons. The existence of a monolayer of water
molecules is consistent with the comparable quantum yields obtained
in water and acetonitrile. However, if one calculates the consumption
rate of monolayer of water at the maximum photocurrent levels, less
than 1% of a monolayer per second is destroyed, .e.g.', a water mono-

layer contains 1015 molecules/cma, and a photocurrent of 1 pA/cm? is
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less than 10"° electrons/sec/cm?®. Yet at these current levels, a
rapid decay over the initial few seconds is observed.

The results of the scavenging experiments can now be
presented. In Fig. I-14, the background photocurrent "cyclic' was
obtained; then N,O was bubbled through the solution. A significant
increase in the cathodic photocurrent was noted. Sweeping the solution
with argon lowered the cathodic photocurrent, thus confirming the
presence of photo-ejected electrons which normally diffused back to
the electrode. In another experiment, addition of p-toluenesulfonic
acid proved to be inconclusive because proton reduction in the dark
severely limited the accessible potential range. The analogous experi-
ment for holes was attempted by the addition of the azide ion. The

overall reaction is:
- +
2N, + 2h —— 3N,

Low solubility in CH,CN required the use of N, N—dimethylformamide
as solvent. No significant enhancement of anodic photocurrents was
observed, indicating that the mechanism was different, or the rate
was limited by the kinetics of hole production, reaction, and recombi-

nation, rather than the concentration of donor molecules.
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Fig. 1-14. Effect of Nitrous Oxide on the

Background Photocurrent

—— 0.1 M TEAP/CH,CN; Ar saturated
———  after bubbling with N,O

oo o after bubbling with Ar

photocurrent in nA.
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Dye-sensitized photocurrents

The earliest experiments were performed with 10™° molar
anthracene or Ru(bipy)32+. As shown in Fig. I-15 the photocurreht
was enhanced at wavelengths strongly absorbed by the dye. The
risetimes in these results were not measured. It is conceivable that
excited molecules near the electrode surface were transferring their
energy to the metal, increasing the rate of formation of holes and
excited electrons, and thus increasing the magnitude of the background
photocurrent. However, when the concentrations were raised to 107°
M for both anthracene and Ru(bipy)32 +, slow rise and decay times
appeared (Fig. I-16) which were characteristic of heating currents or
of photochemical reactions producing electroactive species in the
bu1k31. For anthracene, a known photochemical reaction in high
dielectric solvents is the production of free ions from bimolecular
triplet encounters 32. Although these ionic charge carfiers have a
lifetime of roughly 107 sec, they could further react to form electro-
active products. Another complication arises from the photodimeri-
zation reaction of anthracene, which occurs at high solution concen-
trations and light intensities 33. The 9, 10-diphenyl derivative of
anthracene is not susceptible to dimerization reactions 34, and has a
considerably lower triplet yield 35. Again, slow rise and decay times

were observed in a 10 mM solution. These photocurrents were
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Fig. I-15. Dye Sensitized Photocurrents

(a) -- 1 mM anthracene
(b) -- 1 mM Ru(bipy)."
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a

Fig. I-16. Comparison of Background Photocurrent

Risetimes with Photochemical Photocurrents
Shutter risetimes 0. 01 sec.

(a) -- background photocurrent
(b) =~ 10 mM anthracene

(c) -- acridine orange; rhodamine 6G

attributed to heating effects. The dyes acridine orange and rhodamine
6G have absorption band peaks well into the visible (496 mu and 526
my, respectively) where the background photocurrent is extremely
small. Although acridine orange photocurrents exhibited fairly rapid
risetimes (~ 10 msec) at one particular potential, much slower
responses were noted at all other potentials (Fig. I-16). Rhodamine
6G photocurrents were consistently anodic, with extremely slow rise

and decay time.
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In summary, there is no persuasive evidence for the observa-
tion of electron transfer between a metal electrode and a photoexcited
molecule in solution, i.e., electrochemistry of the excited state.

All observed photocurrents can be attributed to (1) heating of the
electrolyte at the interface, (2) photo-production of electrochemically
active species, or (3) excitation of the electrode. The basic diffi-
culty lies in the continuum of energy levels, both filled and empty,
within the metal. The probability of energy transfer quenching of the
dye is high no matter what its excitation energy is. Electron transfer
quenching has been demonstrated for Ru(bipy)32 +; where lthe excited
complex donated an electron to an acceptor with discrete energy levels,
e.g., an easily reduced molecule 36. Energy transfer was prevented
by choosing the electron acceptor to have a higher excited state energy
than the Ru complex. By comparing the rate constant fo.r emission
quenching with the reduction potential of a series of acceptors, a half-
wave potential of -0.81 V vs. SCE was derived for the Ru(bipy)33+/
Ru*(bipy)?,2+ couple 37. The difference between this value and the
Ru(bipy)33+/Ru(bipy)32+ couple (+1.29 V) is 2.10 V, which compares
rather nicely with the 2.18 eV energy of the triplet energy of the

Ru(Il) complex. All of the excitation energy appears to act as the

driving force for electron transfer.
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PART II: The Mechanism of Dye-Sensitized Photocurrents at a

Tin-Oxide Electrode

INTRODUCTION

In Part I, it was concluded that observation of net charge
transfer between photoexcited molecule and a metal electrode was
improbable because of the high quenching efficiency of the metal.
Calculations and measurements by Kuhn 1 and others 2y have shown
that luminescence lifetime rapidly drops to zerd at distances closer
than 100 A to a metal surface because of énergy transfer from the
emitter to the metal. Even if\charge transfer did occur, the reverse
exchange could easily return the molecule to its ground state with no
net photocurrent4 (Fig. II-1). By contrast, the presence of a band
gap, a region devoid of energy levels, in a semiconductor prevents
either mechanism from suppressing the photocurrent. If the band gap
is greater than the excitation energy of the molecule, energy transfer
cannot occur because a corresponding transition cannot be excited in
the semiconductor. Under the same condition only one of the molec-
ular energy levels can overlap with a semiconductor energy level;
the reverse electron exchange is prevented. Excitation with photon

energies less than the band gap has the further advantage that the
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Fig. II-1. Energy Level Diagram and Mechanism
for Sensitization Processes on Metals

and Semiconductors

M -- metal; SC -- semiconductor;
s* -- excited sensitizing molecule; E; -~ Fermi

level; EV -- valence band; EC -- conduction band.

semiconductor is reasonably transparent at those wavelengths,
permitting excitation of the dye with a beam passing through the
electrode. Work by Gerischer, Memming, Tributsch, and Hauffe B

have indeed shown electron transfer between a photoexcited dye and a

semiconductor electrode. The basic experimental apparatus consisted
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of a single crystal of a wide band-gap semiconductor, typically ZnO
or GaP, functioning as the working electrode in a standard three-
electrode electrochemical cell containing electrolyte plus dye.
Gerischer et al. considered adsorption of the dye onto the
surface of the semiconductor to be necessary for charge transfer to
occur during the lifetime of the excited dye. Considerable experi-
mental evidence has been obtained for photocurrents originating from
adsorbed layers. Dye layers irreversibly adsorbed onto semi-
conductors via the Langmuir-Blodgett technique produce sensitized

photocurrents 4,15

; the photocyrrents rapidly decayed with time,
indicating consumption of the dye. Memming and Tributsch9 reported
seeing the dimer absorption band of methylene blue and polymer
absorption band of pseudoisocyanine in the sensitization spectra
(photocurrent dependence on exciting wavelength) at solution concen-
trations too low for the observation of these same bands in solution
absorption spectra. They proposed surface-induced aggregation of
the dyes. A unique double-dye competition experiment by Memming 1
utilized the tendency for methylene blue to displace eosin on a surface.
A sensitization spectra was obtained with eosin in the solution. Upon
addition of methylene blue, the eosin peak dropped immediately, and

the methylene blue peak slowly appeared, requiring 30 min to reach

a maximum. The initial sharp drop of the eosin peak was attributed
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to energy transfer to the lower energy excited states of the methylene
blue molecules not yet adsorbed to the electrode.

An obvious variable in adsorption studies is the concentration.
The dependence of the sensitized photocurrent upon the concentration
of the dye rhodamine B has been measured in three separate labora-
tories, with slightly different results each time. Tributsch and
Gerischer ! found that the sensitized photocurrent was roughly
proportional to concentration below ca. 107 molar; however, satu-
ration was reached at 10”° molar. Hauffe et al. 12 also observed
linear concentration dependence at low concentrations, and decreasing
slope with increasing concentration, but even at 10™° M, no plateau
was evident. Both experiments were performed in aqueous solution
on single crystals of ZnO. Finally, Kim and La.itinen16 observed a
vaguely sigmoidal concentration dependence (no background photo-
current correction) on polycrystalline SnO, electrodes, but the
"plateau' occurred at ca. 107° M. These results do not permit easy
interpretation due to several complicating factors. First, aqueous
rhodamine B solutions contain significant concentrations of dimers
above 10™ M, and at 10™° M, roughly equal amounts of monomer and
dimer are present. The dimer absorption peak, which occurs at
higher energies, has been found in the sensitization spectra 12, but

the sensitization factor appeared to be less for the dimer than for the
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monomer. One possible interpretation is that only the excited
monomer transfers an electron to the electrode, and the photoexcited
dimer transfers its energy to the monomer with less than 100%
efficiency. In any case, a graph of photocurrent versus total dye
concentration above 10~ M levels does not accurately reflect the true
concentration dependence. The second factor relates to the apparent
irreversibility of the adsorptioh process. Using C-14 labeled
rhodamine B, Laitinen found that a monolayer was rapidly formed on
SnO,, and that washing with water did not disturb it 16. Consistent
with this behavior is the evidence of chemisorption obtained with
fluorescence excitation and emission spectra”; Hauffe and Bode
concluded that rhodamine B forms a zinc carboxylate on the ZnO
surface through reaction with surface hydroxyl groups (Fig. II-2).
The benzoic acid substituent is oriented perpendicular to the plane of

the xanthene moiety and is not part of the chromophore 18. Many of

Zn-OH + HOOC

Fig. II-2. Reaction of Rhodamine B with a Surface Hydroxide



the dyes commonly used in sensitization experiments contain the
benzoic acid substituent and are susceptible to the same reaction

(Fig. II-3), so further studies of the concentration dependence seem

worthwhile.

Eosin

Rose bengale

MCZN\E:[SI);;)MQZ mHKD

N '@ £t

Methylene blue Pseudoisocyanine

Fig. II-3. Common Sensitizing Dyes



All of the above experiments were conducted in aqueous
solutions. In water, all of the dyes in Fig. II-3 form dimers or
higher aggregates at moderate concentrations ca. 107 M or higher.
Hydrophobic forces are the primary cause of aggregation 18, despite
the coulombic repulsion that must exist in these ionic dyes. In
alcohols and other organic solvents, monomer absorption specira are
obtained at even the highest possible concentrations. Hence, a
concentration dependence study in a nonaqueous solvent would clarify
the role of the monomer both in adsorption and in the sensitization
mechanism. It has been shown19 that aggregates, or micelles, of
cationic dyes adsorb onto an anionic hydrated SiO, surface via coulom-
bic attraction, giving surface concentrations well in excess of that
expected for a monolayer. Assuming that the same type of interaction
exists on a SnO, surface, one would predict the adsorption of isolated
molecules from a nonaqueous solvent, and aggregates from aqueous
solutions. Only one study of dye sensitization in a nonaqueous solvent
has been reportedlz. Hauffe et al. found that as the concentration of
rhodamine B in methanol increased, the photocurrent at a ZnO
electrode saturated at concentrations above 2 X 107" M. However,
this result did not agree with adsorption isotherms obtained on ZnO
powder, where no saturation of adsorbed dye c.oncentration was

observed.
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An important question concerning the mechanism of sensitiza-
tion is from which excited state, the singlet or the triplet state, does
the actual charge transfer take place? The only definite assertion on
this question has been made by Memming 15. His experiment entailed
adsorbing stearyl derivatives of oxacarbocyanine dyes diluted with
arachidic acid onto polycrystalline SnO,, and comparing sensitized
photocurrent spectra with absorption, fluorescence, and phophores-
cence spectra. The quantum yield of the photocurrent decreased with
increasing concentration while absorption spectra revealed with for-
mation of dimers and higher aggregates, so polymers were not involved.
The intensity of the phosphorescence was nearly independent of dye
concentration, so Memming concluded that the triplet state was not
involved in the charge-transfer process, leaving only the lowest excited
singlet state of the monomer. Other evidence contradicts this conclu-
sion. In Memming's experiments, and other experiments 0 14,
certain chemical agents known as supersensitizers are found to greatly
increase the dye-sensitized photocurrents. The general hypothesis has
been that the supersensitizers react with the excited dye prior to

charge transfer 4,17,10,14, 20

, €.g., a reducing agent reduces the
excited dye, which then injects an electron into the semiconductor.
But a prior bimolecular reaction favors the much longer-lived triplet

state. Secondly, many of the dyes used as sensitizers contain heavy
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atoms which enhance intersystem crossing to the triplet state 18;

see, for example, the dyes rose bengale, eosin, and methylene blue
in Fig. II-3. High triplets yields for methylene blue and eosin have
been observed 18.

The dye we chose for the experiments was the well-known
laser dye, rhodamine 6G (henceforth abbreviated RH6G); see Fig.
II-3. RH6G is one of the more photochemically stable laser dyes,

18. Its chief advantage

and has a very low triplet yield (cpt = .01)
over rhodamine B is the presence of the ethyl ester rather than the
free acid. The ester group prevents the formation of a lactone, with
destruction of the chromophore, in basic solvents, as is shown for

rhodamine B in Fig. II-4. It also should inhibit the chemisorption

reaction shown in Fig. II-2.

Fig. II-4. Lactone Formation of Rhodamine B
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EXPERIMENTAL

Semiconductor electrode

All experiments were performed with homemade polycrystalline
tin-oxide electrodes. The electrical and optical bulk properties of

21, 22. The material is an

polycrystalline SnO, have been investigated
n-type semiconductor with typical carrier densities of 1019/cm3.

The high doping level has been attributed to oxygen deficiency and
residual chloride impurity. Crystallinity has been proven by sharp

- x-ray diffraction patterns.

Tlie pulycrysialline elecirodes were mdde Dy spraying an
acidic Sn(IV) solution in an oxygen stream onto a hot (500°C) substrate.
Two spraying mixtures were tried without any significant change in the
properties of the electrodes. The first contained 50 ml of glacial
acetic acid, 15 ml of concentrated hydrochloric acid, and 20 ml of
SnCl,; the second contained 50 ml of glacial acetic acid mixed with
20 ml of (C,H,),SnCl. Best results were obtained when the substrate
was rotated 90° and allowed to reheat between each spraying. The
first substrates were quartz slides. Problems with high internal

resistance led to the use of the double coating technique suggested by

Kim and Laitinean, in which the substrate was a commercially pur-

chased highly doped SnO, layer deposited on Pyrex. Thickness of the
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deposited layers was measured by monitoring the interference
fringes in the electrode absorption spectrum (Fig. I-5). Thickness
was calculated by the relation t = (ZnA?)_l, where n is the refractive
index (= 2.0 21), and Av is the distance between successive maxima
in wavenumbers. Typical thicknesses were 0.3-0.6 microns.

Ohmic contacts were provided by painting the SnO, surface with silver
conducting paint. No rectification of current was observed between
separated silver paint patches.

Measurement of the carrier concentration and flat band potential
~ followed the procedure outlined by Mollers and Memming 23. To measure
the space charge capacitance, 4 sinusoldal puiential was applicd LU L€
electrochemical cell and the magnitude and phase shift of the current

measured with an Ithaco 391A lock-in amplifier.

o1

o
s

300 ' 500 ' 700
nm

Fig. I-5. SnO, OTE Absorption Spectrum
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Photoelectrochemical cells

Two electrochemical cells were employed for photocurrent
measurements. In both cells, the working electrode area was 0.20
cm?. The first cell, described in Part I (Fig. I-3; cell #2), was
vacuum-tight; the electrode was epoxied onto the cell with TORR-
SEAL. The cell's main advantages were the achievement of high
solvent purity and extremely low oxygen concentrations. The primary
disadvantages were threefold: one did not know the reference elect-
rode potential until the end of the experiment; only one addition of dye
to the solution was possible; and the cell had to be removed from the
optical train in order to add the dye.

The second cell (Fig. I-6) was designed especially for concen-
tration dependence experiments. Aliquots of dye solution were added
through the top, the solution mixed by the action of the bubbler, and
a sample removed via the stopcock for spectroscopic determination of
the concentration. The SnO, electrode was clamped by spring
pressure onto the flat ground face covered with a 0.005 inch thick
Teflon washer; detail is shown in Fig. II-6.

Solvent/supporting electrolyte systems were 0.2 M NaF in
water adjusted to pH 7, and 0.1 M tetraethylammonium perchlorate
(TEAP) in acetonitrile. The reference electrode consisted of an

Ag/Ag+ couple in the appropriate solvent and electrolyte; potentials
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Fig. II-6. Electrochemical Cell for Concentration Studies

W -- working electrode (SnO,)
R -- reference electrode
C -- counter electrode
BP -- base plate
CP -- clamp plate
F -- flange
G -- flat ground surface
TW -- teflon washer

S -- spring
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were checked against an NaCl saturated calomel electrode before and
after each experiment. A deoxygenated stream of argon saturated
with solvent was bubbled continuously through the solution, providing

continuous stirring.

Photocurrent measurement technique

The experimental techniques have been described in Part I.
Most of the measurements were made with the Ithaco 391A lock-in
amplifier and PAR variable speed light chopper. Optimal operating
frequency appeared to be 20-25 Hz. Lower frequencies required
longer instrumental response times, and at higher frequencies
(> 60 Hz), the cell and potentiostat started to pick up noise from the
light chopper, despite the Faraday cage. Maximum photocurrent

sensitivities of +0.05 nA were attainable.

Monomer-dimer equilibria

Laser grade rhodamine 6G was purchased from Matheson,
Coleman, and Bell, and used without further purification. Despite
the undesirability of chloride (it limits the oxidative potential range)
as a counter ion, the dye was not converted to the perchlorate salt
because of its low solubility in water. The monomer has a molar
extinction coefficient of 92,000 at 526 mpu in both water and acetonitrile..

Figure II-7 demonstrates the absorption change observed with dimer
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Fig. II-7. Rhodamine 6G Absorption Spectrum in H,O

6x107° M
---- 6X107°M

formation. The equilibrium constant and molar extinction coefficients
for the monomer and dimer at 526 mu were calculated from absorp-
tion data at three different total concentrations and the following

equations:
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M = monomer concentration
K - D D = dimer concentration
M? C = total concentration
K = equilibrium constant
i €MM = eDD A = optical absorption

From these equations, the following useful relations may be derived.

1

M = 1K (VBKC +1 -1) (monomer concentration from
total concentration)
M = 2%6- (‘[GK/I & 4K€DA - €M)
D (monomer and total
concentration from
C =M + 2K M? absorbance)

For RH6G in water, K = 3900 liters/mole, €y = 92,000, and

€p = 27,000 liters /mole/cm.

Fluorescence quenching

A small electrochemical cell was constructed to fit in the
sample compartment of a Perkin-Elmer MPF-3 Fluorescence
Spectrophotometer (Fig. II-8). To maximize fluorescence emission
from an adsorbed dye later relative to solution species, excitation

24, 25

was accomplished by total internal reflection (TIR) of the

excitation beam at the electrode-solution interface (Fig. II-9).
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&
Fig. II-8. TIR Cell Fig. I1I-9. TIR Geometry-Top View

W -- SnO, working electrode W -- 8SnO, working electrode

R -- reference electrode S -- supporting electrolyte and dye
C -~ counter electrode P -- quartz prism
Q -- quartz window E -- excitation beam

F -- fluorescence towards
emission monochromator

A spécial quartz prism provided perpendicular faces for the incident
and reflected excitation beam, and a third face perpendicular to
fluorescence directed towards the emission monochromator slit.

The prism was optically coupled to the electrode (quartz substrate) by
a thin layer of glycerin (index of refractiqn = 1. 46 for both quartz and
gly.cerin), which also provided the necassary adhesion forces to hold
the prism on. The cell also had a quartz window for comparison of

fluorescence behavior in the absence of the SnO, layer.
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RESULTS AND DISCUSSION

Excellent treatments of semiconductor properties and their

26-28 . A brief

effects in electrochemistry have already been published
treatment is presented below to facilitate later discussion.

Materials having semiconducting properties are characterized
by the presence of two energy bands separated by a band gap 29. The -
lower energy band is called the valence band, and is nearly filled with

“electrons; the higher energy band, or conduction band, is nearly
empty. Excitation of an electron from the lower band to the upper
band produces two potential current carriers, the electron in the
conduction band and the hole, or vacant orbital, in the valence band.
In a wide band-gap semiconductor, room temperature thermal
excitation produces such a low concentration of current carriers that
the material is essentially an insulator. Introduction of impurities
into tﬁe crystalline lattice can produce donor and acceptor levels within
the band gap but close to the conduction and valence bands, respec-
tively. For an n-type semiconductor, donor level densities predomi-
nate, and thermal ionization results in a large increase in the mobile
electron concentration. Charge carrier densities can be modulated
over many orders of magnitude by controlling the type and concen-

. tration of impurities; typical values range from 10" to 10"
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carriers/cm?.

Consider a semiconductor placed in contact with a concentrated
electrolyte. The charge carrier density in 0.1 M 1:1 electrolyte is
roughly 10%/ cm3, considerably higher than in the semiconductor.

As a result, when an external potential is applied, i.e., when the
semiconductor electrode potential is changed with respect to a
reference electrode in contact with the electrolyte, most of the poten-
tial drop occurs within the semiconductor. The energy of the bands
within the bulk increases or decreases linearly with applied potential;
a more positive potential lowers the energy of the bands. However,
these bands remain at constant energy at the interface, so that near
the interface, the energy of the bands must change. The extent and
direction of the band-bending can be controlled by applied potential.
Figure II-10 demonstrates this process. The potential gradient also
redistributes the charge carrier density near the interface, producing
the so-called space charge layer. At a certain potehtial known as the
flat-band potential, charge carrier density is uniform throughout the
semiconductor. In any region where there is a potential and charge
carfier gradient, there exists a differential capacitance g—% Hence,
across the semiconductor-electrolyte interface there are now three

capacitances: the space charge capacitance within the semiconductor,

the inner layer, or Helmholtz capacitance for the region between the
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Fig. 10. Band-Bending as a Function of Potential

E. = bottom of the conduction band; E, = upper edge of
the valence band; V = applied potential. VFB = flat-
band potential. On this and subsequent figures of this
type, the vertical axis represents increasing energy,
and the horizontal axis distance from the solution

interface within the semiconductor.

electrode surface and the plane of closest approach of solvated ions,
and the diffuse layer capacitance (Fig. II-11). The capacitances are
in series, so that the smallest capacitance dominates the cell

impedance. A high electrolyte concentration (such that o >

solution

makes VD and consequently CL negligibly small.
D

Hence, variations in the applied potential lead mainly to changes in

23, 30-32

= semiconductor)

AVSC, the potential drop across the space charge layer

1.8:; AVSC =V - VFB' When an n-type semiconductor is biased
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EPH
/} I
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{ $AVH E.P. -- electrical potential
A : SC -- space charge layer
: H -- Helmholtz plane
: D -- diffuse layer
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Fig. II-11. Potential Gradient and Capacitances for a

Semiconductor-Electrolyte Interface

positive of the flat~band potential, electrons, the majority carriers,
are depleted from the surface. Under such conditions, the space

charge capacitance is given by the Schottky-Mott equation:

1/2 1/2
[ €€58 Ny KT
Cac = < 2 > (AVSC ‘_e“>
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€ and €, are the dielectric constants of SnO, and vacuum, respectively,
e the electron charge, n, the carrier concentration, and k—eT— the
electron volt equivalent of thermal energy. This may be rearranged

to obtain

= .025eV at 25°C; ESnOz = 10

Thus, a plot of the reciprocal square of the experimental capacities
versus the potential should yield a straight line with intercept

VFB + 5(;_1‘_ and slope inversely proportional to carrier concentration.

_ 1 _av
T = €eoe d(1/C?)

Figure II-12 shows the results obtained for different electrodes
in water and acetonitrile using the vacuum-tight cell. For all of the
double-coated electrodes, n, was found to be 2.0 (+.5) X 10" /em®.

A Hall effect measurement was attempted on a single-coated electrode
to provide a separate value of the carrier concentration. The attempt
failed because the thin (0.5 1) tin-oxide layer had too high a resis-
tance; the current densities necessary for measurable Hall effect

voltages could only be obtained with disastrously high supply voltages.
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Fig. II-12. Plot of # vs. Applied Potential

Measuring frequency 1000 Hz; two separate double-
coated electrodes.

© -- 0.2M NaF/H,0, n, =1.8x10*/cm’
a-- 0.1 M TEAP/CH.CN, n, = 2.5 X 10*/cm?
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Values for VFB were less reliable; intercepts varied between 0 and
+0.3 V vs. SCE, even for the same electrode in separate experiments.
Addition of RH6G to the solution had only a small effect on VFB and n,.
Frequency dispersion in the experimental capacitances was evident.
Capacitances measured at 100 Hz were uniformly larger than at 1000
Hz, leading to higher calculated carrier concentrations and a more
positive VFB' At the more negative potentials, the curves approached
a constant value as the Helmholtz capacitance became dominant.

In Fig. II-13, the potential dependence of the photocurrent is

80T 40T
1 530 nn
's
407 20T
e
/'/
-4 0 441 +8

Fig. II-13. Photocurrent Potential Dependence

—.— 0.1 M TEAP/CH,CN only, —— 1 mM RH5G
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shown for two wavelengths. The general feature is a continual
increase of the background photocurrent for increasing potential.
Onset of the anodic photocurrents roughly coincided with the flat-band
potential. At more negative potentials, and especially in the presence
of dye, heating photocurrents appeared, characterized by their long
rise and decay times.

The wavelength dependence of the background photocurrent is
compared with the electrode absorption spectrum in Fig. II-14. Tin
oxide is a wide band-gap semiconductor (3.7 eV), so strong light
absorption does not occur above 350 mu. Sizable photocurrents were
obtained at much longer wavelengths. The steepness of the log ip VS.
A curve varied for different electrodes, but appeared to be independent
of solvent and monochromator slitwidth.

The mechanism of background and dye-sensitized photocurrents
can now be explained in more detail. When the SnO, electrode is
biased at a potential positive of the flat-band potential, electrons are
depleted from the surface so that only holes exist at the interface,
i.e., electrons from redox couples in the solution tunnel through the
surface barrier to fill vacant orbitals. At constant temperature the
product of the carrier density of holes and electrons is constant 29.
Therefore a high concentration of electrons, i.e., 2 X 10" /cm?,

requires a very low hole concentration, and the current density is
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Fig. II-14. Wavelength Dependence of the

Background Photocurrent

Insert: Absorption spectrum of the

SnO, electrode
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limited by migration of holes to the interface. The electrode has
acquired blocking character.

Illumination of the interface with photons of energy greater
than the band-gap generates extra holes and electrons (Fig. II-15).
Under the influence of the space charge layer, the electrons migrate
towards the interior and the holes towards the surface. The sharp |
increase in hole surface concentration causes a photocurrent to flow.
For an ideal semiconductor, in which the band gap is truly devoid of
energy levels, there would be a sharp cutoff wavelength above which
no photocurrent would be produced. In reality, crystal imperfections,

grain boundaries, impurities, and adsorbed molecules all produce

hv

-
A

/
S

Ec

Fig. II-15. Background Photocurrent Mechanism

hV>EC—EV



81

intermediate energy states. These intermediate levels can produce
photocurrent via the pathways shown in Fig. I1I-16. The high level of
photocurrent obtained throughout the visible wavelengths (Fig. 1I-14)
indicated a large number of intermediate states, as might be expected
for a polycrystalline material.

The intermediate states also hasten the recombination of
excess holes and electrons. In a single-crystal semiconductor
electrode, the photocurrent reaches a saturation value at potentials
sufficiently positive of the flat-band potential, because all of the holes
photogenerated diffuse to the interface and are consumed. In contrast,
no saturation of the photocurrent with increasing potential was

observed at the polycrystalline SnO, electrodes (Fig. II-13).

/h v
Ee i
Ey T

Fig. II-16. Background Photocurrent Mechanism

< =
hy < Ec Ev
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The recombination rate competed sufficiently with hole diffusion so
that the photocurrent never became space-charge limited 23.

The background photocurrent, and also the dye-sensitized
photocurrent, exhibited pronounced time and history effects. Upon
opening the mechanical shutter, the photocurrent would quickly rise
to a peak value, the risetime coinciding with the natural charging time
for the electrochemical cell. Then over a period of seconds the
photocurrent would decay with the decay rate decreasing with time
(Fig. II-17). The magnitude of the decay after a fixed time interval
was most severe at high photocurrent densities (as much as 50% over
ca. 1 minute), and in general appeared to be less severe in water than
in acetonitrile. Allowing the cell to 'rest" in the dark restored some

of the initial current magnitude, especially if the solution was stirred.

b

—_— e - 4 - = = = == =
0 20 40
ON SEC. OFF

Fig. II-17. Background Photocurrent Time Decay



83

The decay curves were not linear with respect to t'l/z in unstirred
solutions. The behavior suggests a slow consumption of an electro-
active species with diffusion and convection from the bulk solution
gradually offsetting the depletion at the surface. In aqueous solutions,

the most likely candidate for oxidation by the holes is water 16:

H,0 + 2h" —= 10, + 2H"

The presence of a time decay in water, where the bulk concentration
is 55 M might imply the presence of an activated adsorbed layer as
the electroactive species. Because of the general agreement on the

presence of surface hydroxyl groups 16, 23

a layer of hydrogen-bonded
water molecules, even in acetonitrile, must exist. A slow conversion
of a hydrogen-bonded water molecule to an activated molecule prior to
oxidation by a hole is then necessary to account for the time decay.
The pathways to the activated species requires a high éctivation
energy in order to explain the slow conversion.

A more viable explanation for the time decay involves the
intermediate states within the space charge layer (Fig. I1I-16).
Excess charge produced by light excifation in these states is not
mobile and can accumulate, inhibiting further electron excitation.

One mechanism entails the promotion of an electron from an inter-

mediate level to the conduction band. The electron moves towards
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the interior under the influence of the space charge potential gradient,
preventing recombination. The photocurrent decays as neutral donor
states are depleted. Suitable donor molecules at the surface can
replenish the vacant levels, explaining the recovery of the photocurrent.
A brief calculation demonstrates that the rate of decay is consistent
with this model. Because only those intermediate states within the
space charge layer will contribute to the photocurrent, it is necessary
to estimate the number of states within the space charge layer, i.e.,
within 100A of the surface 23. At wavelengths near the band-gap
energy, where the background photocurrent magnitude and decay rate
are maximum, excitation must be taking place from states whose
densities are approaching the effective density of states at the conduc-

tion or valence band edges, e.g., 10*/ecm® 31.

Photocurrent densities
in excess of 107" A/cm® (10" electrons/sec/cm?) were typical at short
wavelengths, so that depletion of the intermediate states would occur

in 10 seconds:

10" states/em® x 10™° em
10'% e”/sec/cm?

= 10 sec

Since the actual decay over tens of seconds is no more than 50%, the

rate of electron replenishment must be quite rapid.
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Let N be the total number of intermediate states, n the number
of occupied intermediate states, and D the concentration of donor
molecules. Then photocurrent is proportional to n, and

dn

o - -k;n +k,D(N -n)

In water, D is assumed to be constant, and hence photocurrent decays
from an initial value k;N to the steady state value k;n = k;N (%)
When the steady state photocurrent is 50% of the initial value, then

| k, = k,D. Usually the magnitude of decay is not as great, so that

k,D must be larger than k;. In acetonitrile, the magnitude of decay is
larger than in water, implying that k,D is smaller than in water.
Again, the trace of water in acetonitrile could be the electron donor,
with consumption of molecules at the surface now lowering D.

The second mechanism, also illustrated in Fig. II-16, involves
promotion of an electron from the valence band to the vacant inter-
mediate state. The decay rate now depends on how quickly the surplus
negative charges can be removed; one can envisage a hopping process
to intermediate levels further from the surface. In an n-type semi-
conductor, this mechanism should be relatively.unimportant because
the intermediate levels are occupied.

The history dependence of the photocurrent caused the most

difficulty in acquiring reproducible data. The magnitude of the peak
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photocurrent measured within a few seconds after opening the shutter
depended on how long the solution had remained in the dark, how long
the shutter had been opened onthe previous measurements, whether
the potential had just been changed and in which direction, and how
long the cell had been held at a constant potential. Photocurrent
cyclic voltammograms, obtained in the same manner as those for
metal electrodes, exhibited hysteresis, i.e., anodic photocurrents at
a given potential were always larger for increasing potential than for
decreasing potential. Reasonably reproducible potential dependence
data, as shown in Fig. II-13, could only be acquired by starting at the
extreme positive potential (maximum photocurrent) and scanning to
lower potential. At constant potential the general trend was a
decrease in magnitude over a series of successive measurements.

If the potentiostat had been turned off for a while and turned on again,
orthe potential had been changed to a more positive value, larger
photocurrents were obtained for otherwise identical conditions. The
most reproducible data for a constant potential were obtained after the
electrode-electrolyte had been 'conditioned'" by a series of exposures
to light of short wavelengths, where the highest photocurrent densities
occurred. The measurement technique consisted of opening the
shutter, reading the peak current on the lock-in amp. meter, closing

the shutter, and waiting ca. 20-30 sec between readings. The solution
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was stirred to destroy any concentration or heating gradients.

When RH6G was added to an aqueous electrolyte, an increase
in photocurrent was observed at wavelengths strongly absorbed by the
dye (Fig. 1I-18). The dye-sensitized photocurrents increased, but did
not saturate with increasing potential (Fig. II-13). In contrast to the
background photocurrent, dye-sensitized photocurrents involve transfer
of an electron from the excited dye to the conduction band (Fig. II-19).
Under the influence of the band-bending, the elecfron migrates towards
the interior of the semiconductor, preventing the reverse electron
transfer. A polycrystalline electrode would be expected to have a
much lower sensitization factor than a single crystal because the
higher densities of intermediate and surface states would increase the
probability of reverse electron transfer. For example, the electron
could leap from the excited energy level to the surface state, and then
to the ground state level.

In water and acetonitrile, the wavelength Qf maximum sensiti-
zation varied from 520 to 540 mu. The uncertainty arose from the
large bandpass of the excitation light (33 mu) or decréased signal-to-
noise at a smaller bandpass (7 mu). Because the solution dimer
absorption peak is at 500 mu (Fig. II-7), this spe\cies did not appear to
sensitize the semiconductor, in contrast to the results obtained by

Hauffe et al. 12. The peak sensitization wavelength is reasonable for
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Fig. II-18. Dye-Sensitized Photocurrent Spectrum

RH6G in H,O

—— 0.2 M NaF/H,0 only
- -=-1.1x10"° M RH6G

+.94 Vvs. SCE. Log € plot for RH6G

monomer also shown for comparison.
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Fig. II-19. Dye-Sensitized Photocurrent Mechanism

shift in the monomer absorption peak (526 my). In water, however,
there is an additional complication due to the formation of a permanent
adsorbed dye layer. Cationic dyes are known to form water-insoluble
stains on glass 19. Indeed, absorption spectra of RHGG- layers can

- be obtained merely by soaking a suitable substrate in an aqueous RH6G
solution, rinsing it with water, and using the 0.1 slidewire on the
spectrophotometer. Figure II-20 contains the results for a polished
quartz and a commerical SnO, surface; for comparison, the spectrum
of the monomer and of a Nujol mull are included. Exactly the same
spectrum appeared on both surfaces, with the absorption maximum

red shifted to 545 myu. Assuming the L — to be 5 X 10* liters/mole/
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Fig. II-20. Spectra of Adsorbed RH6G Layers

A -- monomer in solution (10" M)

B -- layer on polished quartz (two surfaces)
C -- layer on SnO, OTE (one surface)

D -- Nuyjol mull of the solid
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cm (within a factor of 2), the surface concentration was calculated to
be 2 x 107" moles/cmz, comparable to an estimated monolayer
coverage (1.0 X 107"° moles/cm?). The absorbance was observed to
increase slowly with longer exposures to the solution; for example,
a quartz disc soaked for 5 minutes in a 10> M solution produced a
maximum absorbance 20% higher than when it was exposed for only

1 minute. Furthermore, for a given exposure time, the absorbance
was dependent on the solution dye concentration, being lower for lower
concentration. The low accuracy of the measurements precluded any
fit to a theoretical isotherm; however, the surface concentration
appeared to saturate at high dye concentrations.

The nature of the adsorbed RH6G layer is, of course,
important for the mechanism of sensitization. The absorption peak
was red-shifted roughly 20 my, or 660 cm™'. Bathochromism
immediately rules out structures containing well-defined dimers or
higher aggregates, because these forms exhibit hypsochromism, i.e.,
blue-shifted bands 33. A special form of aggregation does lead to a
new narrow absorption band at longer wavelengths, referred to as the

T band o,

Pseudoisocyanine (Fig. II-3) and related compounds very
frequently display this type of behavior. The J-aggregate can function
as an efficient sensitizing species 14.- However, J-aggregation

appears to require a compact stacking of the molecules, and



94

rhodamine dyes, with the twisted phenyl group, are not expected to
form structures with the necessary transition dipole coupling. A
further argument against the assignment of the 545 mu peak as a
J=-band lies in the broadness of that peak, totally uncharacteristic of
a J-band. The bathochromic shift might be explained by adsorption
onto the substrate. West and Geddes e have shown that a good
correlation exists between absorption maxima shifts and the index of
refraction of the solvent or the solid substrate; a larger index of
refraction resulted in a red shift. This explanation seems unlikely in
this case because the same peak position ié observed on quartz

(n = 1.46) and SnO, (n = 2.0) 2%,

The broadness of the adsorbed layer spectrum and its similar-
ity to the monomer spectrum leads to the hypothesis that each mole-
cule is interacting very weakly with neighboring dye molecules, which
have no special orientation, or at least are not stacked with parallel
dipole oscillators. The adsorbed layer structure may be approaching
that of the RH6G crystal. A Nujol mull spectrum (Fig. II-20) shows
even broader bands and a larger red shift. The shoulder on the higher
energy side may be due to an enhancement of a higher vibronic
transition; its position in all of the spectra is approximately 1000 cm™

above the absorption maximum. One remaining inconsistency is the

slight difference between the adsorbed layer absorption peak and the
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wavelength of peak sensitization. A luminescence study of the
adsorbed layer would be desirable, but no detectable emission was
observed in the Perkin-Elmer Fluorescence Spectrophotometer.
As crystalline RH6G is itself only weakly luminescent at room temper-
ature, another attempt at liquid nitrogen temperatures is '.suggested.
The effects of dye concentration upon the 'pt.xotocurrent were

investigated in three distinct wavelength regions. The SW (short
wavelength) region referred to wavelengths between 350 and 400 myu,
where the high background photocurrent was presumed to dominate.
The hypothesis was that any slow changes in the background photo-
current due to lamp intensity drift, accidental displacement of the
cell, etc. could be monitored by changes in the photocurrent in this
'region. No concentration dependence was expected to show up in the
SW region. The DW (dye wavelength) region included wavelengths
near the absorption peak of RH6G. Finally, the LW wavelengths were
sufficiently long to completely avoid any light absorption by the mono-
mer, even for a 33 mu bandwidth in the excitation light. Although LW
photocurrents were approaching the noise limitations, these wave-
lengths were also expected to furnish calibration for the background
photocurrent.

. To facilitate comparison of photocurrents for different experi-

ments, a ratio plotting method was adopted. The photocurrent at a
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given A and dye concentration was divided by the background photo-
current at that A, which was measured prior to the first addition of
dye. Errors introduced by variations in the cell position between
experiments were eliminated in this fashion. The change in the
photocurrent due to the dye alone, referred to as the corrected photo=
current, was calculated by subtracting 1 from the ratio.

In Fig. II-21, the photocurrent concentration dependence for
increasing concentration in water is shown. The dye-sensitized
photocurrent rose gradually over a broad concentration range, but
even at the lowest concentrations some sensitization was evident in
agreement with the spectral observation of adsorbed dye layers even
from dilute (< 107° M) dye solutions. The background photocurrent,
characterized by the SW measurements, remained constant within
+10%. Surprisingly, the LW photocurrents started increasing at the
highest concentrations. Since the dye in the bulk solution was not
absorbing light at those wavelengths, and cutoff filters removed higher
order spectra from the monochromator output, the increased light
absorption in the LW region is probably due to formation of the
adsorbed layer; in Fig. II-20, it is evident that adsorption leads to a
broadened, red-shifted band with increased light absorption above 600

m.
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Fig. II-21. Concentration Dependence in Water

o --total dye concentration
A -- monomer concentration

B -- point obtained by dilution

The electrolyte was 0.2 M NaF/H,0. The vertical axis

is linear with the logarithm of the ratio (see text).
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In Fig. II-22, the corrected photocurrent (ratio -1) is com-
pared with Laitinen's results for polycrystalline SnO, electrodes 18
Although Laitinen did not correct for the background photocurrent,
this curve could be obtained from his graphs. Two differences are
evident: the enormously greater sensitization factor, and the
generally steeper slope for Laitinen's data. The difference could
possibly be attributed to the technique of electrode preparation.
Laitinen's electrodes could have a much lower density of intermediate
and surface states, resulting in the greater sensitization factor.
However, qualitatively the background photocurrent spectra are very
similar. A lower intermediate state density would result in a much
steeper drop in baékground photocurrent at photon energies just below
the band gap. Another possibility is that the carrier concentration
is much lower in Laitinen's electrodes. However, no one to date has
experimentally demonstrated a correlation between either of these
two factors and degree of sensitization by dyes. One could also argue
that rhodamine B is strongly chemisorbed by the carboxylate bond,
whereas RH6G is only physically adsorbed. To check this point, the
behavior of the photocurrent was measured at intervals of 10-15
minutes after each additionof dye. After the maximum dye concen-
tration had been reached, the solutions were diluted to check the

reversibility of the adsorption process.
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Fig. II-22. Corrected Photocurrent Concentration

Dependence in Water

A --vs. total concentration; from ref. 16
B -- vs. total concentration; calculated from
Fig. II-21.
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The photocurrents at SW and DW were observed to slowly
increase with time after the initial measurement, but at the higher
concentrations (> 107° M), the percentage inci'ease at DW (4-5% per
15 minute inverval) exceeded the increase at SW (1-2%). Upon
dilution, the DW photocurrents showed an immediate drop in magni-
tude, but these data points were consistently higher than the line drawn
through the data points obtained with increasing concentration. This
hysteresis was especially noticeable when the bulk of the dye-electro-
lyte solution was replaced with pure electrolyte; the boxed data point
in Fig. II-21 was obtained in this manner. Furthermore, the overall
magnitude of the photocurrent decreased slowly with subsequent
measurements after dilution. This behavior indicated slow adsorption
and desorption process. Chemisorption, of course, can account for
the irreversibility, the chemisorption process being the hydrolysis
of the ethyl ester on RH6G followed by bonding to the surface hydrox-
ides. The dye molecules could be slowly diffusing into fissures in the
electrode surface. The slow thickening of the surface layer
observed via spectra is also consistent with this behavior. However,
the results obtained in acetonitrile (vide infra) indicate that an
occlusion or chemisorption mechanism is more likely.

The slope of the log (corrected photocurrent) versus log

(concentration) plot is considerably less than 1, especially at the
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lowest concentrations. The lack of proportionality to concentration,

which deviates from other concentration studies 7,12,186

, may be due
to the effect of the semiconductor surface structure on the structure
of the adsorbed layer. The rather low sensitization factor in these
experiments may also be explained by the nature of the dye-semi-
conductor interface structure. For example, the dye layer could be
localized clumps, with the effective concentration of molecules
actually adjacent to the semiconductor being much lower than in a
uniform monolayer. It is not clear whether the abscissa should be
log total concentration or log monomer concentration, i.e., how do
so}ption dimers affect the formation of the adsorbed layer ?

Sensitized photocurrent densities of well over 100 nA/cm?
were obtained at the highest concentrations. For a photon flux of 10"
photons/sec/cm?, this corresponds to a quantum yield of 0.01, where
¢ = 1 implies one electron injected into the semiconductor for every
photon absorbed by a dye monolayer. Because only 1/100 of a mono-
layer is consumed per second, consumption of dye is not rate-
determining in the decay of the photocurrent with time.

In acetonitrile several striking differences appeared in the
concentration study (Fig. II-23). In the DW region, dye sensitization
did not appear to start until concentrations between 10~ M and 107° M

were reached. Surprisingly, the SW photocurrent actually decreased
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Fig. II-23. Concentration Dependence in Acetonitrile
0.1 M TEAP/CH,CN, Ratio Plot

The boxed data points @ were obtained by

dilution from the highest concentration.
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by roughly a factor of two between 10™* and 107° M, and then started
increasing again. The onset of SW photocurrent suppression and the
dye sensitization occurred at roughly the same concentration (10™* M).
As was noted in water, the LW photocurrents followed the SW photo-
currents except at the higher dye concentrations, where a strong
sensitization effect appeared. Photocurrent spectra with and without
dye are shown in Fig. II-24.

If one assumes that the background photocurrent mechanism is
dominant in the SW region, at least for concentrations less than 107°
M, then the presence of the dye must be inhibiting the rate. of electron
injection into available holes. The most likely process is the lowering
of the concentration of oxidizable species at the semiconductor surface.
The major differences between water and acetonitrile solutions are the
absence of dimers and the absence of an insoluble adsorbed layer in
the latter solvent. Dye layers deposited from aqueous solutions are
rapidly removed in acetonitrile and alcohols. The background photo-
current suppression curve resembles an isotherm, suggesting the
formation of an adsorbed layer. In view of the solvation of thick
layers in CH,CN, it seems likely that only a compact monolayer of
dye is deposited. Because the much smaller water molecules are

-,

displaced, the surface concentration of hole acceptor is decreased.



107

Fig. II-24. Dye-Sensitized Photocurrent Spectrum
RH6G in Acetonitrile

—— 0.1 M TEAP/CH.,CN
- -~ 1.0x10"° M RH6G
+0.71 V vs. SCE
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Why, then, was the same effect not obser_ved in water ? The
photocurrent time decay and history dependence in H,O was similar
with and without dye, even at the maximum photocurrent densities of
10°° A/ cm®, indicating that transport of charge and/or ions between
the electrode and bulk solution must not be seriously hampered. As
was suggested above, the dye molecules could be adsorbed in clumps,
with sufficient interstitial space to allow water molecules to diffuse to
the electrode and oxidized products to diffuse out. The "clump"
hypothesis certainly agrees with the micellar adsorption proposed
earlier 19.

If the background photocurrent is assumed to be uniformly
suppressed at all wavelengths, then the photocurrent due to dye only
may be calculated by subtracting the SW ratios from the DW ratios at
each concentration. The resulting curve (Fig. II-25) has a steeper
slope than the equivalent one in water; the dye-sensitized photo-
current is roughly proportional to dye concentration. Again, maxi-
mum sensitized photocurrent densities were greater than 100 nA/ cm?,
although higher dye concentrations were required to attain this level.

The sugpression of the SW photocurrents stopped at 10°° M,
suggesting the completion of a monolayer. The SW photocurrent then
started to rise, and the DW photocurrent continued to rise up to the

saturation concentration of the dye. At 107° M, the concentration of
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Fig. II-25. Corrected Photocurrent Concentration Dependence

A -- 0.2 M NaF/H,0
B --0.1 M TEAP/CH,CN
C -- unity slope
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RH6G molecules within 10 ;s of the surface is roughly 100 times lower
than the surface concentration of a monolayer; thus, it is conceivable
that at these concentrations molecules not adsorbed or chemisorbed
could contribute to the sensitized photocurrent. The continuous rise
in sensitization represents the first piece of evidence that this process
fnay occur.

However, the dye-sensitized photocurrent exhibited the same
history-dependent behavior in acetonitrile as in water. At concen-
trations above 10™* M, subsequent measurements at DW yielded
photocurrents 5 to 15% higher than the initial value. Dilution of the
solution produced photocurrents at both DW and SW which corresponded
to much higher concentrations on the initial curve. This irreversible
behavior points to the necessity of a chemisorption or an occlusion
process to sensitize photocurrents.

Several possibilities for further work exist. Other dyes with-
out a carboxylate group should be investigated for irreversible behavior,
e.g., methylene blue. Interaction with the surface charge can be
elucidated by using anionic, cationic, and neutral dyes. A concen-
tration study using Ru(bipy)32+ as a sensitizer would be interesting
because of its non-planar geometry and long-lived excited state.

The polycrystalline SnO, electrode should be compared with a single

crystal electrode, especially with respect to the magnitude of



113

sensitization photocurrents. Finally, the effects of carrier concen-
tration and/or intermediate levels on the magnitude of sensitization
should be determined.

One possible method for determining the molecular state
involved in the sensitized photocurrent mechanism is to monitor the
fluorescence of the adsorbed dye layer as a function of electrode
potential. Because the quantum yield of photocurrent increases for
increasing potential positive of the flat-band potential (Fig. 1I-13),
fluorescence of the adsorbed layer should decrease concomitantly, if
the singlet excited state of the dye is the state from which an electron
is transferred to the semiconductor.

To selectively excite the adsorbed layer, the technique of total

internal reflection (TIR) was used 24 25.

Light totally reflected off of
the electrode-solution interface (Fig. II-9) creates an evanescent
wave in the solution phase which decays exponentially with distance

from the electrode:

I = IoeXp("'Za)

I, is the evanescent intensity at the interface, z the distance from the
interface, and d is the effective penetration depth calculatable by the

. 25
expression
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d = A

47 (nf sin® 6 - nf)l/2
n, is the index of refraction of the electrode substrate (quartz), n, the
index of refraction of the solution phase (assumed to be the same as
the pure solvent), and 6 the angle of incidence of the exciting beam,
measured relative to the normal to the interface. TIR is only accom-
plished at angles above the critical angle 6 = sin™" (n,/n,), which for
the quartz-water or quartz-acetonitrile systems is sin™ (1.34/1. 46)
= 66.6°. It should be noted that this is slightly above the 65° prism
angle, requiring rotation of the cell plus prism to a slightly higher
angle of incidence. Optical constants of any intermediate phases,
such as the tin-oxide layer, do not enter into the expression for d.
At angles slight above the critical angle, where I, is maximum, d is
approximately 150 myu for wavelengths used to excite RH6G. This
distance is small enough that even at the highest dye concentrations
used (10'2 M), evanescent wave intensity is only dependent on the
equation given above and not on absorption losses. One can also
calculate that at 10™° M, a monolayer of adsorbed dye would absorb
5 times as much light as molecules in the solution. If fluorescence

quantum efficiency is not affected by adsorption, then most of the

fluorescence emission observed would originate in the monolayer.
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Unfortunately, ¢f is apparently affected by adsorption, as was
noted in the earlier discussion on the dye layers deposited from water.
Fluorescence was not completely quenched, however, as faint emis-
sion was visually detectable from more concentrated layers formed
on rough silica surfaces.

Another factor which made detection of monolayer fluorescence
difficult was light scattering. Figure II-26 illustrates the anomalous
behavior obtained for dyes in nonaqueous solvents. At the highest
concentration, the excitation spectrum closely resembled the absorp-
tion spectrum of rhodamine B even though the curves weré uncorrected
for excitation beam intensity (I,) at the interface. I, is a complex
function of excitation beam intensity and the optical constants of the
quartz substrate, the SnO, layer, and the solution, all of which are
wavelength dependent; apparently these factors interact to produce a
reasonably uniform I, in the 400-600 mu region. A very similar
excitation spectrum was obtained in a standard fluorescence cell using
very low dye concentration and confrentional excitation geometry.

The excitation spectrum followed the absorption spectrum because qbf
is independent of exciting wavelength over the entire absorption
band35. At lower concentrations, gross distortion of the excitation

spectrum was observed.
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Fig. II-26. Excitation Spectra in the TIR Mode

Rhodamine B in ethanol; angle of incidence = 68-70°;
8 mpu bandpass for the excitation and emission mono-
chromator. For excitation, monitoring wavelength =
610 nm, for emission, exciting wavelength = 515 nm.
Relative instrument response for a constant signal

shown by arrows.

A -- 10 mM; dashed curve is fluorescence
spectrum

B--1mM

C--0.1mM
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Light from a scattering center within the prism or the SnO,
electrode frequently approaches the electrode-solution interface at an
angle below BC , and hence passes through the interface. T-his light
penetrates far into the solution, exciting many more dye molecules
" than an evanescent wave of comparable intensity. The emission
spectrum of fluorescence excited by scattered light is nearly identical
to fluorescence excited by the evanescent wave, but large differences
appear in the excitation spectrum due to geometrical factors inherent
to the design of the fluorescence spectrophotometer. Emission from
the cell is collected by a lens and focused onto the entrance slit of the
emission monochromator. Any shift in the position or shape of the
emitting region causes large fluctuations in the amount of light passing
through that entrance slit. Light scattered into the solution produces
an emitting region that changes irregularly with wavelength, both by
increased scattering at shorter wavelengths and by increased penetra-
tion depths at wavelengths less strongly absorbed by the dye. In
contrast, the evanescent wave restricts the emission to such a thin
layer of solution that its shape is effectively constant with respect to
the coilecting lens at all wavelengths.

A more subtle effect also distorts excitation spectra.

Consider a well-designed spectrophotometer in which emission is

physically confined such that geometrical distortions do not occur.
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The rate of emission of fluorescence, Q, is equal to the rate of light

absorption multiplied by the fluorescence quantum efficiency.
Q = Ia <7’L)f

Ia can be determined by measuring the intensity of the light entering

and leaving the cell, which in turn can be calculated from Beer's Law.

i =L =1 = L1

Q = Lo (1 - 107 (1)

If the solution absorbance ebc is small, i.e., <0.01, then

Q = qu'sf(2.3 €be) (2)

All the parameters in Equation (2) are independent of excitation wave-
length except €, so that a true excitation spectrum is obtained. As the
solution absorbance increases, it becomes necessary to use Equation
(1), and at high absorbances the fluorescence becomes saturated at a
constant determined by I, and qbf; the excitation spectrum becomes a
straight line. Below this extreme, excitation spectra peaks are found
to be relatively lower than the corresponding absorption spectra peaks.

Note that in the evanescent wave region, the rate of light absorption
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is given by

- :
I = IOECfo exp(-z/d)dz = I,ecd

so that

Q = Iogbfecd

Thus, undistorted excitation spectra36 are only obtained from mole-
cules excited by the evanescent wave, and not by scattered light.
Figure II-26 demonstrates that light-scatifering interference prevents
the observation of fluorescence from dye layers adjacent to the
electrode at concentrations below 10™° M; the rhodamine B absorption
peak disappears at lower concentrations.

A further complication arose in water; dimer formation led to
strong fluorescence quenching37. Despite this difficulty, the conclu-
~sive result was that no potential dependence of the TIR-excited
fluorescence was observed in aqueous or acetonitrile electrolytes.
The only condition that affected emission intensity was the onset of
dye reduction at very negative potentials. The most likely explanation
of this negative result lies in the low quantum yield of the sensitized
photocurrent. Less than 1/100 of the photons absorbed by a mono-
layer are converted to current; variations in the emission intensity

of such a small fraction of the molecules would have very little effect
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on the overall measured intensity, especially if most of the fluores-
cence was coming from molecules not adsorbed onto the electrode.

A more ideal system for these experiments would be dyes with high
fluorescence quantum yields adsorbed on single-crystal semiconductor
electrodes, where photocurrent quantum yields approaching 1 have

been reported 8.
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The effect on the qualitative features of the spectra is small.





