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Inverse-Photoemission Spectroscopy at the Metal-Electrolyte Interface
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(Received 28 October 1985)

The principle of the inverse photoelectric effect has been applied to the study of the metal-
electrolyte interface. It is sho~n that charge-transfer-reaction inverse-photoemission spectroscopy
is capable of investigating both empty and occupied electronic states in the interfacial region.
Results for Au(111) electrodes in solutions of tetrapropylammonium tetrafluoroborate in acetoni-
trile, containing either electron-donor or electron-acceptor molecules, are presented. The spectra
are shown to contain a wealth of detailed information about, for example, interfacial electronic
states and molecular reorganization processes.

PACS numbers: 79.20.Kz, 73.20.Hb, 73.40.Ns, 7&.60.Fi

Atomic or molecular electron donors and acceptors
can undergo heterogeneous charge-transfer processes
at the metal-electrolyte interface. ' An intrinsic proper-
ty of these solution species is the well-defined energy
level of either the highest occupied (donor), or lowest
unoccupied (acceptor), orbital. The ability to vary the
energetic location of the Fermi level, with respect to
the energy levels in solution, provides an opportunity
to create excited states in the metal electrode. For
inverse-photoemission spectroscopy2 such excited
states are created by injection of electrons from the
vacuum and their radiative decay is utilized to probe
empty electronic states of clean and adsorbate-covered
metal surfaces. The purpose of this communication is
to show that inverse photoelectric processes may be
used to study both empty and occupied states at elec-
trochemical interfaces. We have called this new tech-
nique charge-transfer-reaction inverse-photoemission
spectroscopy (CTRIPS).3

Energy diagrams which schematically illustrate the
relevant interfacial electronic levels associated with the
injection and abstraction of electrons into and out of
the metal are shown in Figs. 1(a) and 1(b), respective-
ly. The levels of the oxidized (Ox) and reduced (Red)
forms of the solution species are broadened by thermal
fluctuations of the immediate environment and differ
in energy as a result of reorganization phenomena. ' A
characteristic property of any such Red/Ox (redox)
couple is the redox energy ER, which is given by the
intersection of the distribution curves for equal densi-
ties of states of both forms. The range of injection en-
ergies is related to the width of the level distributions,
and for a particular injection energy radiative decay to
the Fermi level EF represents the maximum photon
energy ht

We have chosen the benzophenone radical anion as
an example of an energetic donor species and the thi-
anthrene radical cation as an energetic acceptor
species. These two species may be generated electro-
chemically from the neutral molecules and their pro-
duction can be monitored by the current recorded as a

function of the voltage applied to the electrochemical
cell. Usually, the applied voltage is scanned linearly
with time in electrochemical investigations, 4 and typi-
cal current-voltage curves obtained in this manner for
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FIG. 1. (a) Energy level diagram showing electron injec-
tion from a highly reducing species with redox energy F~
into a positively biased metal. (a') Current-voltage curve
(scan rate= 50 mV s ') for the acetonitrile/tetra-
propylammonium ietrafluoroborate (0.5M)/benzophenone
(0.1M) system at Au(111). (b) Energy level diagram show-

ing hole injection fram a highly oxidizing species into a neg-
atively biased metal. (b') Current-voltage curve (scan rate
=50 mV s ') for the acetonitrile/tetrapropylammonium
tetrafluoroborate (0.5M)/thianthrene (0.02M) system at
Au(111).
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benzophenone and thianthrene on Au(111) electrodes
with a scan rate of 50 mV s ' are shown in Figs. 1(a')
and 1(b'), respectively. The magnitudes of the
currents are related to the different bulk concentra-
tions of the respective molecules in solution. The
close proximity of the oxidation and reduction peaks
on the potential scale ( —60 mV), in both current-
voltage curves, is a well-known signature of a fully re-
versible charge-transfer reaction. On this specific
electrode potential scale, the values which correspond
to the redox energies Eq for the benzophenone and
thianthrene couples are —2.0 and +0.8 V, respective-
ly. Since these couples are known to undergo outer-
sphere charge transfer, 5 they do not chemically in-
teract with the metal electrode and thus retain their
well-defined energy levels.

Experiments were performed with a conventional
three-electrode electrochemical system. ~ The solvent,
acetonitrile, the conducting salt, tetrapropyl-
ammonium tetrafluoroborate (0.2M), 6 the reference
system, silver-silver ion (AgNO3, 10 M), and the
precursor molecules used to produce the radical ions,
thianthrene' and benzophenone, 3 were rigorously puri-
fied by well-known procedures. The optical arrange-
ment, consisting of focusing lenses, an interference-
filter monochromator with spectral resolution )!.=20
nm (Optical Coating Laboratory), a GaAs photomulti-
plier tube (RCA 31034), and a photon counter (Prin-
ceton Applied Research), is described in detail else-
where. ~ s The noise level did not exceed 5 counts per
second. Single-crystal Au(111) electrodes (area = 1

cm2), obtained by evaporation of gold onto mica at
250'C, 9 were used to exploit the wide potential range
accessible in aprotic solvent systems. All spectra were
recorded with square-wave potential modulation, from
either —2.1 V for the benzophenone system or +0.9 V
for the thianthrene system, at a frequency of 25 Hz.
The purpose of this modulation may be summarized as
follows. During one half of the square-wave cycle
neutral moleeules are consumed at the surface, with
concomitant diffusion from the bulk of the solution,
to produce radical ions which in turn diffuse away
from the electrode. During the other half of the cycle,
when the CTRIPS events occur, these processes are
reversed such that the radical ions inject their charge
into the metal electrode and once again become neu-
tral molecules (see Fig. 1). The concentration of the
injecting species at the surface is therefore repetitively
changing in a well-defined way and may be monitored
by display of the current-time curve on an oscillo-
scope. One would expect the intensity of the emitted
light to be proportional to the time integral of the in-
jection current and this was confirmed experimentally.
The thickness of the diffusion layer of the radical ions
was estimated to be in the micron range such that ab-
sorption of light emitted from the electrode within this
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FIG. 2. CTRIPS spectra obtained for the Au(111) elec-
trode in acetonitrile/tetrapropylammoniurn tetrafluoroborate
(0.5M)/benzophenone (0.1M) system for different positive
limits of potential modulation (f=25 Hz). The negative
limit of potential modolation ~as kept constant at —2.1 V.

layer could be neglected. The spectra were not
corrected for wavelength-dependent transmission effi-
ciency of the monochromator and photomultiplier.

The CTRIPS data obtained by electron injection
from the benzophenone radical anion into the single-
crystal gold surface are shown in Fig. 2 for different
energetic locations of the Fermi level relative to the
injector energy. These changes in the position of the
Fermi level were achieved by variation of the positive
limit of the electrode-potential modulation. The ob-
served spectral intensity and spectral distribution
changed significantly with electrode potential. This
behavior is consistent with the mechanism of the
CTRIPS process. For low values of the modulation
amplitude the spectral distribution is expected to be
centered at longer wavelengths, beyond the accessible
range of our detection system. With increasing modu-
lation amplitude the energy of the excited electrons in
the metal increases and consequently one would ex-
pect to observe the emission of higher-energy pho-
tons, again consistent with the observed trend shown
in Fig. 2. At this stage we refrain from a detailed dis-
cussion of the structure seen in these spectra, but we
will analyze later the systematic shift of the high-
energy threshold of the light emission.

The complementary process, which is also associated
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with light emission, consists of hole injection by
charge transfer from the metal to the thianthrene radi-
cal cation and data for this type of experiment are
shown in Fig. 3(a). Again, with increasing modulation
amplitude, higher counting rates and a blue shift of the
spectral distribution were observed. We wish to em-
phasize that this effect, which may loosely be termed
"inverse photohole emission, " is very difficult to real-
ize at the metal-vacuum interface. '0 To test that the
generation of light originates from the single-crystal
solid, CTRIPS spectra were also recorded at polar
emission angles of 0' and 60' [see Fig. 3(b)]. For the
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three emission angles thus covered at —2.1 V, substan-
tial structural variations of the photon energy depen-
dence of the emitted light occurred. Such a variation
is a well-known phenomenon in angle-resolved
ultraviolet-photoelectron spectroscopy" as well as k-
resolved inverse-photoemission spectroscopy. 2'2 "

In comparing the results of these two complementa-
ry inverse-photoelectric effects we would like to draw
attention to the dramatic difference of light intensity
for comparable modulation amplitudes (see Figs. 2 and
3). An inspection of the band structure of gold, previ-
ously carried out in conjunction with photoelectron-
emission studies at the metal-electrolyte interface,
offers an explanation for this difference. Light emis-
sion is expected to be most intense when the excited
electronic states in the metal can decay via direct tran-
sitions. ' In our experiments electrons are injected
from the benzophenone radical cation at energies of
less than 3 eV above the Fermi level. In this energy
range neither direct nor any other type of interband
transitions can take place in gold. In addition, in the
direction normal to the (111)surface, where tunneling
from the injecting species is most likely to occur, there
are no bulk states available to accept electrons because
of a band gap of at least'4 3 eV in the vicinity of the
I -L direction in the band structure. However, when
holes are injected into a Au(ill) crystal, with excess
energies exceeding —2.3 eV (see Fig. 3), both of these
restrictions are lifted and instead a multitude of direct
transitions, resulting in increased light emission, can
occur between intrinsically occupied electronic bulk
states. These interband processes involve transitions
of electrons from the sp band to holes created in the
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FKJ. 3. (a) CTRIPS spectra obtained for the Au(ill)
electrode in acetonitrile/tetrapropylammonium tetrafluoro-
borate (O.SM)/thianthrene (0.02M) system for different
negative limits of potential modulation (f=25 Hz). The
positive limit of potential modulation was kept constant at
+0.9 V. (b) Emission-angle-dependent CTRIPS spectra for
the system shown in (a) for a maximum negative limit of
potential modulation of —2.1 V.
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FIG. 4. Dependence of the high-energy threshold of the
light emission due to electron and hole injection as a func-
tion of the limit of electrode potential modulation. The
dashed lines represent threshold energies equal to the abso-
lute difference between the redox energy Eq and the Fermi
level FF.
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high density of d-band states. The direction of the
electrons tunnehng from the metal to the acceptors
may also be less critical in this case. The difference in
light emission for these two inverse-photoelectric ef-
fects can be understood in this way.

A crucial aspect of identifying, unequivocally, the
origin of the observed light is the shift in the position
of the high-energy threshold of the emitted radiation.
In Fig. 4 the variation of the threshold energy with
respect to the electrode potential is shown for both
electron and hole injection. These values were deter-
mined by measurements in a narrow spectral region
with increased sensitivity and larger periods of data ac-
cumulation. In accordance with the CTRIPS mecha-
nism, a slope of unity was obtained for the relationship
between threshold energy and electrode potential for
both electron and hole injection. The dashed lines in
Fig. 4 would be expected if the onset of injection were
to take place at the respective redox energies ER (see
Fig. 1). In both cases the experimental threshold en-
ergies are lower than the absolute values of Ett —EF,
namely —200 mV for electron injection and —130
mV for hole injection. Clearly, these lower values re-
flect the energy level distributions of the injecting
species and thus contain important information about
the reorganization energies of these systems. ' More
detailed studies are, however, required to establish the
significance of the observed difference of —70 mV
for the two different organic injectors.

We note in passing that prior to our work there ex-
isted some confusion about the origin of light emission
observed under experimental conditions comparable to
ours. ts At that time, one was unaware of the possibili-
ty of observing radiative transitions taking place in the
metal electrode, and explanations were sought solely
on the basis of radiative decay of excited molecular
states in solution. Clearly, our results do not agree
with any such mechanism, with regard to either the
angle dependence of the light emission'6 or the spec-
tral composition. '7 We shall elaborate on this point in
a forthcoming publication. 's

In conclusion, we feel we have demonstrated the
simplicity, versatility, and compatibility with surface
physics concepts and methods of charge-transfer-
reaction inverse-photoemission spectroscopy.
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