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A model for charge transfer inverse photoemission
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Abstract

Charge transfer inverse photoemission spectroscopy (CTRIPS), the phenomenon of inverse photoemission at a metal–solution interface,
has been the subject of a variety of experiments. An approximate theoretical model is presented which includes (1) the electronic structure of
the metal; (2) the principal features of the emission spectra, such as the high and low frequency thresholds at a given injection energy of the
electron or hole, and the intensity of the light emission versus electrode potential; (3) the role of surface states; and (4) the question of direct
versus indirect radiative transitions. A broad array of experiments from different groups is surveyed and treated. There is a considerable need
for experiments to fill many missing “gaps” in the data, and various experiments are suggested.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Inverse photoemission[1–3] at metal–vacuum interfaces
has been extensively studied and used to map the empty
electronic states in the band structures of metals. Several
years ago, McIntyre and Sass[4] performed experiments
at a metal–solution interface that were similar in nature to
vacuum inverse photoemission spectroscopy (IPS). In their
experiments, they used an electron transfer redox agent in
solution to inject electrons or holes into a metal electrode
and create electronically excited states of the metal. These
excited states decayed radiatively and nonradiatively, re-
sulting in a very small quantum yield of the light emis-
sion. Because of the electrochemical nature of the experi-
ments, the electrode–solution potential difference could be
varied, and the resulting light emission depended on the
redox agent–metal potential difference. Although low in
intensity, this spectrum was analyzed and provided infor-
mation on the electronic structure of the metal above and
below its Fermi level. The electrochemical experimental
technique was termed charge transfer inverse photoemis-
sion spectroscopy (CTRIPS). A schematic diagram of phe-
nomenon is given inFig. 1.
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The purpose of the present article is twofold. First, a the-
oretical model is presented for the electron transfer process
and the light emission. A possible explanation of the data
is given in terms of the model, using tight-binding param-
eters for the metal, with the experimental band structures
obtained from vacuum inverse photoemission and solution
electroreflectance (ER) experiments. Second, there is a wide
assortment of data, though frequently no two laboratories
have used conditions which serve as a check. The available
CTRIPS data are assembled and their principal features sum-
marized. In the process some inconsistencies in the data are
also noted. Experimental tests of the model are proposed,
with the aim of clarifying various features of the spectra.

A simple model for vacuum inverse photoemission exten-
sively used in the solid state physics literature[1] consists
of three steps: (1) electron injection into the metal, (2) elec-
tron transport within the metal and relaxation of the electron
by electron–electron collisions, and (3) emission of light
(mostly by direct vertical transitions). In this article, we ex-
tend the above treatment so as to include in step (1) electron
or hole injection by electron transfer between the metal and
a reactant in solution and the role of Franck–Condon factors
in this electron transfer. The Franck–Condon factors arise
from nuclear motion, e.g. the solvent, and result from the
reaction satisfying the Franck–Condon principle[5].

The difference between electron injection in vacuum
and electron transfer in solution is that in the former the

0013-4686/$ – see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2003.07.007



4 S. Gosavi, R.A. Marcus / Electrochimica Acta 49 (2003) 3–21

Fig. 1. Schematic diagram for CTRIPS.

electron is injected into a metal energy level 10–100 eV
above the vacuum level[1], while in the latter both the en-
ergy level entered by the electron and the level to which it
then falls lie below the vacuum level and above the Fermi
level of the metal. Electronic levels above the vacuum level
are free-electron like in nature and in the inverse photoe-
mission experiments their character is assumed to be well
known [1]. Thus, the spectrum then provides the proper-
ties of the level to which the electron relaxes by photon
emission.

In the solution experiments, in contrast, both the initial
and the final energy levels are typically bound levels, i.e. be-
low the work function threshold (vacuum level). The optical
spectrum emitted in electrochemical inverse photoemission
now depends on the detailed band character of both levels.
Since the energy difference between the two levels has a
maximum of about 3.5 eV in most experiments, due to solu-
tion stability constraints, it is not as large as in the vacuum
experiments. It is expected from this energy difference that
the final band into which the electron relaxes is close to the
Fermi level of the metal. Thereby, it is same irrespective of
the initial energy level of the electron (hole) unless there is
more than one band present at the Fermi level. Accordingly,
it is expected that the change in the shape and position of the
spectrum on changing the electrode/solution potential will
be determined by the presence or absence of radiative bands
at the electron injection energy and by the nature of these
electronic states.

Electrochemical inverse photoemission spectra have been
obtained with different metals, solvents, redox reagents,
electrolytes, and electrode–solution potential differences.

The various experiments are summarized inTable 1. The
metals affect the spectra through their band structure, while
the solvent effect, is at least in part, due to a change in
reorganization energy involved in electron transfer. One
effect of different redox agents is due to their redox poten-
tials (E0). The potential of the electrode does not change
the positions of the bulk bands relative to the Fermi level
(EF) of the metal electrode. However, it does change their
values relative to the energy levels of the redox reagent in
solution (E0), and so strongly affects the emitted spectrum.
Although the effect of temperature on photoemission can be
substantial, its effect on CTRIPS, has apparently not been
studied experimentally.

The role of surface states in CTRIPS has been quite uncer-
tain. In interpreting electroreflectance solution experiments
[6], it was inferred that the surface states in a metal are in
sufficiently close contact with the solution that a change in
the potential of the electrode does not affect them as much as
it affects the bulk bands. The metal bulk band energies vary
linearly with the electrode potential with a slope of 1, while
the surface band energies might be totally pinned to the so-
lution and so not vary at all, depending on the conditions. In
this case, the effect of varying the electrode potential in in-
verse photoemission depends on whether the emitting metal
band states are surface states or bulk states. What is actu-
ally observed in each experiment should depend on the band
structure of the metal and the electrode potential, and this
aspect is included in treating the role of the band structure.

The emission spectra have in one instance been sorted
into parallel and perpendicular polarization components
[7]. They have also been measured in one case at different
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Table 1
A summary of the experimental conditions and voltages from various CTRIPS experiments

Authors Solvent and
supporting
electrolyte

Donor/acceptor,
E0 vs. reference
and vs. SCE (V)

Metal Reference
electrode

Voltage range vs.
reference (V)

Einj range
(eV)

McIntyre and Sass[4] MeCN Thianthrene:+0.8, 1.18 Au(1 1 1) Ag/AgNO3 10−3 M (+0.9, −2.1) (−0.1, 2.9)
0.5 M TPABF4 Benzophenone:−2.0, −1.62 (−2.1, +0.9) (−0.1, 2.9)

Ouyang and Bard[11] MeCN Benzophenone:−1.9, −1.9 Pt(1 1 1)/polycrystalline Pt SCE (+0.2, +1.2) (2.1, 3.1)
0.1 M TBABF4 t-Stilbene:−2.17,−2.17 (−0.2, 1.2) (1.97, 3.37)

Benzonitrile:−2.22,−2.22 (−0.3, +1.2) (1.92, 3.42)

Ouyang and Bard[20] MeCN Thianthrene:+1.1, +1.1 Pt SCE (+1.6, −1.4) (−0.5, 2.5)
0.1 M TBABF4

Triphenylamine:+1.1, +1.1 (−0.5, 2.5)
Tris(2,4-dibromophenyl)amine:
+1.43,+1.43

(−0.17, 2.83)

9,10-Dibromoanthracene:
+1.44,+1.44

(−0.16, 2.84)

Benzophenone:−2.0, −2.0 Pt/Rh (−2.5, +1.0) (−0.5, 3.0)

Uosaki et al.[21] MeCN Benzophenone:−2.15,−1.71 Au polycrystalline
predominantly (1 1 1) faces

Ag/AgNO3 10−2 M (−2.6, +0.7) (−0.45, 2.85)

0.2 M TBABF4 t-Stilbene:−2.6, −2.16 (0.0, 3.3)
Benzonitrile:−2.7, −2.26 (0.1, 3.4)

Murakoshi and Uosaki[22,26] MeCN Benzophenone:−2.15,−1.71 Au and Pt and Pd
predominantly (1 1 1) faces

Ag/AgNO3 10−2 M (−0.5, +1.1) (1.65, 3.25)

0.2 M TBABF4 t-Stilbene:−2.6, −2.16 (2.1, 3.7)
Benzonitrile:−2.7, −2.26 (2.2, 3.8)

Murakoshi and Uosaki[23] HMPA Solvated Au and Pt predominantly
(1 1 1) faces

Ag/AgNO3 10−2 M (−1.0, 0.0) (2.4, 3.4)

0.2 M NaClO4 Electron:−3.4, −2.96

A value of 0.38 V is added to convert from Ag/AgNO3 (10−3 M) to SCE, and a value of 0.44 V is added to convert from Ag/AgNO3 (10−2 M) to SCE. In McIntyre and Sass[4], the concentration of
TBABF4 is given as 0.5 M in the figures but 0.2 in the text. For light emission due to hole injectionEinj = E0 − EF.
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emission angles[4]. A comprehensive set of experiments of
all types is not available for a single system or from a single
laboratory, and so some “piecing together” of the diverse
data is undertaken in a later section.

The paper is subdivided as follows: inSection 2, a theoret-
ical model is presented for the interpretation of the CTRIPS
spectra. A detailed discussion of the experimental results is
given inSection 3. Calculations based on the model are given
and the results are compared with experiments inSection 4.
Consequences of the overall model are given inSection 5.
Comparison with an earlier theoretical model is also given
in Section 5, and experimental tests of the present mecha-
nism are proposed inSection 6.

2. Theoretical model

2.1. Principal features

The model proposed here for the mechanism of CTRIPS
with electron injection can be applied with minor changes
to hole injection. We begin with the standard expression[8]
for intensityI(ω) of photon emission between two bands, in
terms ofVopt the optical coupling between the two bands,
and the number of available photon states (proportional to
ω3 [8]) at a given frequencyω:

I(ω) = Cω3|Vopt|2. (1)

Here the numerical constantC contains the dielectric con-
stantε0, and the speed of lightc [8]. Vopt can be calculated
using the three-step model.

Step one of the model is the electron injection via an
electron transfer to the metal. For simplicity, a nonadiabatic
expression (weak interaction) is used, but the main features
would apply to the adiabatic case also. The first-order rate
constant for a nonadiabatic electron transfer process[5] is
given by

kET = 2π

h̄
FC|HDA |2, (2)

where FC is the expression for the Franck–Condon factor
andHDA is the electronic coupling between the donor and the
acceptor. This expression is applicable to a redox molecule
fixed at some position near the electrode. It is readily mod-
ified to the calculation of a second-order electron transfer
rate constant[5,9].

The metal electrode has a continum of levels which con-
tribute to the electron transfer process, each level in the metal
being represented by a wavevectork. To calculate rate con-
stants at metal surfaces, one needs to model the band struc-
ture, and thus the wavevectors of the metal. The three-step
model and the next few equations can be used with any
model of the metal band structure. In the present paper, we
use the tight-binding model for the band structure and for
comparison give a treatment using the free-electron model
in Appendix A.

For reactions at metal–solution interfaces, the rate con-
stant inEq. (2)is used to include all the metal–reactant elec-
tron transfer energy states, by integrating the right hand side
of Eq. (2) over all energiesε and all k vectors contribut-
ing to a given energy. The energyε is measured relative
to the Fermi energy of the metalEF. Since the Fermi level
of the metalEF is pinned to the potential of the electrode
E, the two are used interchangeably in the present article.
The rate constant for electron transfer is then given by[5],
Eq. (3)when a classical expression (Eq. (4)) is used for the
Franck–Condon factor FC.

kET = 2π

h̄

∫
dε

e−(λ−eη+ε)2/4λkBT

(4πλkBT)1/2
|V(ε)|2f(ε), (3)

whereλ is the “reorganization energy” for the electron trans-
fer, e is the electronic charge, andeη is the overpotential,
(EF−E0), E0 being the standard potential of the redox agent
measured on the same scale asEF,

FC = e−(λ−eη+ε)2/4λkBT

(4πλkBT)1/2
. (4)

The integration over wavevectors inEq. (3)appears in the
square of an averaged coupling matrix element, |V(ε)|2:

|V(ε)|2 =
∫

d3k|HDk|2δ(ε(k) − ε). (5)

Here, |HDk| is the electronic coupling matrix element,
〈ΨD|H|Ψk〉, between the donor (D) in solution and the
quantum state of the metal represented by the wavevector
k. Later, |V(ε)|2 is extended to include the coupling between
the upper and lower metal electronic states contributing to
the emission of photons.f(ε) in Eq. (3) is the Fermi–Dirac
distribution withε measured relative toEF, the Fermi level
of the metal,

f(ε) = eε/kBT

1 + eε/kBT
. (6)

In the present case, the energy of the donor is much higher
(>2 eV) than the Fermi level, andf(ε) is essentially equal to
1. This substitution is made in the following calculations.

Thus far, the effect of the electron transfer process has
been included in the expression for photon emission inten-
sity. We also need to consider the details of the metal band
structure, i.e. the energetic positions and the nature of the
band into which the electron is injected by electron transfer
and the band to which the electron relaxes. To obtain the fi-
nal intensity of photon emission as a function of the overpo-
tential, we need to include the probability that the final state
into which the electron relaxes is unoccupied,f(ε− η), the
Fermi function for a final state. The emitted light intensity
is now given by

I(η, ω) ∝ ω3 2π

h̄

∫
dε

e−(λ−eη+ε)2/4λkBT

(4πλkBT)1/2
|V(ε)|2f(ε − η),

(7)
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where the mean energy level of the metal above the Fermi
level into which the electron is injectedEinj is the same as
the overpotentialeη. Theω is in units of energy (eV). We
assume initially, as in the use of the above expression, that
any optical absorption by the metal does not alter the shape
of the spectrum.

The next step is to derive an expression for |V(ε)|2 using
Eq. (5). The inverse photoemission process in the three-step
model is, as noted earlier, subdivided into electron transfer
(step 1), electron relaxation by a nonradiative process (step
2), and the light emission (step 3). This separation is intro-
duced next into the equation for |V(ε)|2. We begin with an
expression very similar toEq. (5)for pure electron transfer.
Upon renaming the initialk by k1 andεk by ε1, and by in-
troducing direct transitions to all statesk2 in the metal, we
have

|V(ε)|2 =
∫∫

d3k2 d3k1|HDk1k2|2δ(ε1 − ε)δ(ε1 − ε2 − h̄ω),

(8)

where the secondδ function arises from the conservation of
energy during the photon emission.HDk1k2 includesHDk1

from Eq. (5)and a termHk1k2 of the form
〈
Ψk1|T |Ψk2

〉
de-

scribing thek1 to k2 transition,T being the optical transition
coupling operator. Thus,

HDk1k2 = HDk1Hk1k2. (9)

We next introduce a form for thek-wavefunction of metal
to calculate the couplings inEq. (9). In the present article, we
use tight-binding wavefunctions. Details of the parameters
used in the tight-binding model are given in the next section.

In the present paper, we treat the metal as semi-infinite,
occupying the positive side of thez = 0 plane. The solution
and the donor extend from thez = 0 plane into the negative
side. The wavefunction of the metal is assumed to go to 0 at
z = 0, since there are no metal atoms present on thez = 0
plane. The distance from the center of the donor to the first
lattice plane of the electrode is denoted byz0, z0 > 0.

Tight-binding wavefunctions of metals are of the form

Ψk(r) =
∑
j

∑
n

unφn(r − Rj)exp(ik · Rj ), (10)

wheren is an index which ranges over the orbitals,un is
a coefficient which is calculated from the tight-binding pa-
rameters and gives the orbital content of each band,j in-
dexes the periodic sites in the crystal, andφn(r−Rj) are
the individual wavefunctions of each orbital,n, located at
site j. In the present initial exploration of the phenomenon,
we assume a simplified form of the orbital wavefunction:
φn(r−Rj) is assumed to beφn(Rj − Rj)exp(ik(r − Rj))

in the Wigner–Seitz cell of the atom and zero everywhere
else. This approximation is equivalent to changing the shape
of the orbital and replacing it by one whose extent is the
Wigner–Seitz cell and whose shape is oscillatory. The actual
shape and nature of the orbital are important in the current

calculation only when an overlap between atomic orbitals
is required. Such a situation occurs only for the calculation
of the overlap of the Gaussian donor with the surface and
when the overlap between the two metal bands is required.
Since the shape of the Gaussian donor is spherically symmet-
ric, the atomic coupling matrix element will not be affected
much by this approximation. For the metal band overlap, the
coupling matrix between the two bands is simple, and this
approximation is not expected to affect that aspect signifi-
cantly. While the final wavefunctions with this approxima-
tion become free-electron like as inEq. (11), the calcula-
tion needed for obtaining the coefficients is a tight-binding
calculation. This approximation reduces the computational
complexity, by about a factor of 50, because individual sur-
face atom–donor (Gaussian ball) overlaps do not need to
be calculated for each wavefunction.1 It also facilitates the
treatment of the complete planes parallel to the surface in-
stead of a few atoms in each.

Using the approximation described above,Eq. (10)
for the tight-binding wavefunctions takes on a modified
free-electron form:

Ψk(r) =
∑
n

u′
n exp(ik · r), (11)

i.e. in Eq. (10)
∑

j φn(r − Rj)exp(ik · Rj ) is approximated
by exp(ik·r) φn(0) andu′

n equalsunφn(0). Here,u′
n and

k contributing to a given energy are calculated from the
tight-binding parameters.k can also be written ask‖ + k⊥z,
where k‖ is the component ofk, parallel to the surface
andk⊥z is the component perpendicular to the surface, thus
Ψk(r) can also be written asΨk‖,k⊥(r).

For the wavefunction of the redox reagent, we use for
simplicity a spherically symmetric donor wave function (as
is the case for a solvated electron). A Gaussian form is as-
sumed,B exp(−(x2 + y2 + (z− z0)

2)/(2σ2)), with σ2 being
the mean square radius of the donor’s wavefunction. In the
case of a more complicated donor, an actual electron trans-
fer matrix element would be calculated[10]. However, we
expect that the final shape of the spectrum will not be sub-
stantially modified, because of the averaging over the var-
ious spatial configurations of the donor with respect to the
metal.

The overlap integrals arise from the metal wavefunctions
in Eq. (11) coupling to the Gaussian form of the donor.2

The coupling can then be evaluated assuming a proportion-

1 In a previous paper[32], we did not need to make this approximation
since the number of wavefunctions needed was very small (60–600).
In the present paper joint densities of states of two bands need to be
calculated. This calculation requires about 10 000–100 000 wavefunctions
and so the approximation was made to expedite the calculation.

2 Let the planes of the metal perpendicular to the surface be numbered
from 1 to +∞. The solvent exists everywhere else (0 to−∞). The
boundary condition that is used in the text assumes that the wave function
of the metal inEq. (11), goes to 0 atz = 0. The donor wavefunction in
Eq. (12) nevertheless penetrates thez ≥ 0 planes and so has a nonzero
overlap with the metal wave function inEq. (12).
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Fig. 2. Two band model for the band structure.m∗ and them1 are the effective masses of the electrons in the lower and the upper bands, respectively.

ality between the electronic coupling matrix element and the
overlap integral,

|HDk1|2

=
∣∣∣∣V̄

∫ ∞

x,y=−∞

∫ ∞

z=0
e−(x2+y2+(z−z0)

2/2σ2)Ψk1(r)dx dy dz

∣∣∣∣
2

,

(12)

whereV̄ denotesVB andV is a proportionality constant.
We next consider steps (2) and (3) of the three-step model,

namely, relaxation through nonradiative and radiative transi-
tions. The radiative relaxation and resulting photon emission
occur due to an allowed coupling, usually transition dipolar
in nature, between the initial and final electron states in the
metal. This transition dipole coupling depends on the type
of bands that exist in the metal. There may also be a direct
injection from the electron donor into some surface or bulk
states which can give rise to radiationless decay[11]. The
surface state coupling is discussed in a later section.

The question of direct versus indirect optical transitions
in the photon emission also arises. Direct transitions occur
when there exist at least two accessible energy bands, an
upper and a lower, at the givenk. This type of transition is
k-conserving because the emitted photon carries negligible
momentum compared to the electron’sk. A schematic dia-
gram of such a transition when only two bands are present
is given in Fig. 2. In the case of a metal with a surface,
only a wavevector conservation ofk‖, the component of the
wavevector parallel to the surface, exists and a vertical tran-
sition occurs in this respect between the two accessible en-
ergy bands. When the optical transition arises from a wave
function that is situated fairly deep in the metal there is also
an approximate conservation of thek⊥ component. In the
present tight-binding treatment, we have not found it neces-
sary to invoke indirect transitions because of the accessibil-
ity of the direct transitions in that band structure. However,
for the free-electron model, where we fit the vacuum band

structure, the upper band is not accessible at some electrode
potentials. To account for emission in such cases indirect
transitions are included inAppendix A.

In summary, the tight-binding model is used to calculate
the contribution toHk1k2 in Eq. (9) from direct transitions.
As mentioned earlier, such transitions conservek‖ during
the photon emission. Use of the tight-binding wavefunctions
yields

|Hk1k2|2 =
∣∣∣∣
∫ ∞

−∞

∫ ∞

z=0
Ψk1‖,k1⊥(r)TΨk2‖,k2⊥(r)e

−z/l dr‖ dz

∣∣∣∣
2

.

(13)

The l serves to introduce a phenomenological relaxation of
the electron through electron–electron collisions,l being the
mean free path of the electron at the energyε [12]. In this
form, k‖ is taken to be conserved and thus, the broadening
is only introduced as an exponential in thez direction[12],
e−z/l , and not as an e−r/l . Thel decorrelatesk1⊥ from k2⊥
through a Lorentzian broadening serving as a measure of
how much the two may differ.T is a matrix which optically
couples the orbitals of the two wavefunctions. Here, we as-
sume a simple form where each diagonal element is 0 and
each off-diagonal is 1. This form implies zero optical transi-
tion dipole moment between two orbitals of the same type,
such a coupling being usually forbidden in optical transi-
tions. The integrals over the directions parallel to the surface
yield δ functions which give momentum conservation along
k‖. The remaining integration is then readily performed.

When no direct transitions can occur then the electrons
can radiate only through indirect transitions. Photon emis-
sion caused by these transitions has been modeled rigor-
ously [13]. In the present tight-binding calculation, we ig-
nore the contribution of indirect transitions toHk1k2, but as
noted earlier we use indirect transitions in the case of the
free-electron model inAppendix A. The details of intensi-
ties of direct versus indirect transitions are given there.
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Eq. (7)can now be evaluated using a Monte Carlo routine
[14] to obtain the light emission intensity.

2.2. Role of surface states

It remains to consider surface states, which in principle
can be optically active or inactive. If they are optically ac-
tive, they can be treated in the same way as bulk states with
an extra broadening factor due to an effectively finite length
of the states in thez direction. On the other hand, if they fa-
cilitate a competitive radiationless transition they then need
to be introduced as sinks in the calculation, so reducing the
possibility that the electrons radiate.

In the metals considered in this article (Au(1 1 1),
Pt(1 1 1), etc.), no image states but only Shockley surface
states have been reported within the energy range of in-
terest above the Fermi level[15]. The Shockley states,
intrinsic surface states formed due to the abrupt ending of
the metal atz = 0, are of the same electronic character as
the band that they arise from. In the present case the band
is primarily sp in character. An electron may decay from
an sp bulk band to the sp surface band radiatively because
of symmetry breaking in the direction of the surface, i.e.
the transition dipole matrix element is nonzero only in the
z direction. Alternatively, if this breaking of symmetry is
not a large perturbation the band character of both bands
being sp, this transition may be largely optically forbidden
but nonradiatively allowed, and so the electrons may decay
nonradiatively through surface states. The optical matrix
elements within the metals in the present calculation are
assumed to be such that sp–sp transitions are nonradiative.
In recent calculations[16] for Pt(1 1 1), it was deduced that
the d-states were squeezed out of the first layers near the
surface. This circumstance might lead to a smaller optical
matrix element between bulk d-states and the predominantly
sp surface states in the first few layers of the crystal, so
causing the surface states to be optically dark for electron
injection into Pt(1 1 1).

Next, the position of the surface states with respect to the
bulk states needs to be calculated. As inferred from elec-
troreflectance spectroscopy[6,17,18], the position of the
surface states depends strongly on the constituents in the
solution. The surface states extend beyond the surface of the
metal and any specific adsorption of ions on the metal sur-
face leads to a large change in potential at the surface. There
have been several models of the electrical double layer at
the metal[19] and for some of these models the calculated
results [18] have been interpreted as indicating that the
energetic position of the surface states can move as much
as 1 eV/V with respect to the bulk states on changing elec-
trode potential. This change in energetic position has been
attributed to specific adsorption[17,18]. This relative move-
ment implies that while the bulk state potential is changed
by changing the electrode potential, the surface states are
pinned to the solution potential. In this case, the difference
of redox couple potential (E0) and the surface state potential

(≡Es) remains approximately independent of changes in the
electrode potential. The surface states in the present model
are positioned to reflect this behavior and are assumed to
be dark states, and so to be states which undergo radiation-
less decay to the lowest unoccupied states. For simplicity
in adjusting their position, they are modeled here using the
free-electron model3 and the vacuum band structure given
in Fig. 3. Being confined to a few layers near the surface,
the surface states have zero realkz. Thus, they have a disper-
sion of the formh̄2(k2

x + k2
y)/2m

∗ −Esurf (eV). The details
of the position of the surface states, i.e.Esurf and m∗, are
discussed inSection 4.

2.3. Summary of approximations

The phenomenon of CTRIPS has, as discussed above, a
number of theoretical features, and the principal simplify-
ing approximations used in the model are summarized as
follows:

1. A three-step model for the inverse photoemission pro-
cess: One-step models use the full Hamiltonian and the
direct interaction between the donor in the solution and
the final energy level in the metal through an optical tran-
sition and would be more accurate[1].

2. A tight-binding model for the metal band structure, with
the use, for calculatingHDk1 in Eq. (9), of simplified
orbitals (Eq. (10)) and a Gaussian form for the donor in
solution.

3. Use of surface state properties measured independently.
A linear dependence[17] of surface state energy on
metal–solution potential difference was used to locate
the position of the surface states. The surface states were
modeled using a free-electron model.

4. The electron–electron relaxation with the three-step
model is introduced through a single mean free path of
the form inEq. (13).

5. The variation of the optical matrix elements with energy
and band structure, i.e.k, is neglected.

The CTRIP spectrum was calculated using the above ap-
proximations and compared with experiments. Before giv-
ing the numerical values of the various parameters used and
other details of the calculations and the results, we first sur-
vey the experimental results.

3 Surface states can also be modelled using the tight-binding parameters
and theZ-transform[32]. These states are calculated assuming that the
energies of the orbitals of atoms on the surface layer do not get perturbed
significantly from their bulk levels. To vary the position of the surface
band with respect to the bulk bands these surface energies need to be
tuned. We use nine (one s, three p and five d) orbitals in our tight-binding
calculations. There are thus nine parameters that can be varied. Instead
of tuning these parameter ad hoc, we have chosen to use a free-electron
type surface band which uses only one parameter which we determine
from experiment.
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3. Survey of experimental results

We list below and inTable 1 key experiments from
several groups, and include the experimental conditions
used. The individual experiments are then discussed and
some of the experiments are compared. At present the re-
sults exist usually as isolated single-laboratory experiments
and have largely not yet been repeated or tested in other
laboratories.

1. The high energy edge of the emission spectrum varies
linearly with potential with unit slope, while the low
energy edge is approximately potential-independent
[4,7,11,20–23].

2. There is a cut-off for the electron injection at Pt surfaces,
such that the CTRIPS effect is absent unless the standard
potentialE0 of the donor is more negative than−1.90 V
versus standard calomel electrode (SCE). This effect oc-
curs, regardless of the driving potential,EF − E0 [11].
For hole injection at Pt surfaces, there is a cut-off such
that the CTRIPS effect again disappears unlessE0 of the
acceptor is more positive than+1.0 V versus SCE[20].
The question of whether Au also exhibits a cut-off has
not been studied.

3. The spectra emitted from hole transfer at the Au(1 1 1)
surface are 50 times more intense in a particular experi-
ment than that from electron transfer[4].

4. The spectrum-integrated emission intensity initially in-
creases sharply with electrode potential[11,20,23]. When

the electrode potential exceeds a certain value, a decrease
of intensity has been observed[11,22].4

5. Molecules having differentE0’s have the same CTRIPS
spectral plots, when they have the same driving potential
EF −E0, provided theE0 does not lie outside the cut-off
region[20,22].

6. For metal films, the emission intensity increases with
thickness at low thickness[22].

7. Hole emission is strongly polarized in one experiment
[7] and also angle-dependent[4].

We consider next in more detail the experimental studies
underlying the above findings. In several figures some results
have been replotted to make the comparison clearer.

The earliest experiments on CTRIPS are those of McIn-
tyre and Sass[4]. Their experiments were performed pri-
marily using a gold electrode, with acetronitrile as the sol-
vent and benzophenone as the redox reagent. They found
that Eth, the high energy threshold of the spectrum varies
linearly with the potential of the electrodeE with unit slope.
As previously noted, the metal Fermi level is pinned to the
electrode potentialE. In a later paper[7], they found thatEth
approximately equalsEinj , the energy above the Fermi level
into which the electron is injected. This result is common to

4 In [11] the decrease occurs whenE > 1.2 V relative to SCE, which
translates toE > 0.76 V relative to Ag/Ag+ (0.01 M) standard used in
[22]. This behavior is roughly consistent with the behavior inFig. 7 of
[22] for benzonitrile and a Pt electrode, where the decrease in emission
begins aroundE > 0.5 V instead of 0.76 V.
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the experiments from all groups.Einj equals (EF − E0), E0
being the standard potential of the redox agent measured on
the same scale asEF.

They also observed in electron and hole transfer experi-
ments[4a] that the intensity of the hole transfer spectrum
is about 50 times greater than that of the electron injection
spectrum. They suggested that there were few upper radia-
tive states available for the electron transfer step, due to a
band gap at the Au(1 1 1) surface above the Fermi level,
while the d-states present below the Fermi level of Au(1 1 1)
increased the intensity of the hole transfer. They also mea-
sured angle-dependent inverse photoemission[4b] and po-
larization of emission[7a] for Au(1 1 1). The detection of
polarized light emission provides information about the opti-
cal matrix element of the radiative transition. The hole emis-
sion showed strongly P-polarized spectra which suggested
in this instance sp to d transition. There have been no sim-
ilar experiments for electron injection. They also compared
their emission spectra from gold with that from silver[7b].

Ouyang and Bard presented results[11,20]on the hole and
electron transfer spectra at a platinum electrode, again using
acetonitrile as the solvent, and presented preliminary results
using a rhodium electrode[20a]. In their experiments, they
used a series of redox agents with different standard poten-
tials and observed a cut-off in redox potentials below which
there was no light emission. This cut-off is denoted below
by ER,c for the electron injection and byEO,c for hole in-
jection. They proposed that it arises because of nonradiative
Shockley surface states which are present above and below
the Fermi level of platinum. They assumed that the surface
states decayed in an efficient nonradiative process. On the
other hand, if the injection is at an energy where no surface
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Fig. 4. Inverse photoemission at Au(1 1 1) and constantEinj ≈ 2.9 eV using different redox agents. Results of Murakoshi and Uosaki[25].

states are present then a direct radiative transition was free
to occur. From their hole and electron transfer experiments,
they calculated the band width of the Shockley states in plat-
inum to be about 2.9 eV, which is similar to that obtained
independently in solid state experiments[15].

Uosaki and coworkers used a gold electrode and initially
used acetonitrile as a solvent[21,22]. Later they used sol-
vated electrons in a hexamethylphosphoramide (HMPA)[23]
solvent. In their measurements with the solvated electrons,
they again observed anEth ≈ Einj as well as a low energy
threshold,El for the spectra. In the initial study, they con-
cluded that the light emission might involve surface states
as acceptor states into which the electrons relax[21a]. Sub-
sequently[22], they compared the position of these surface
states with positions of surface states observed in electrore-
flectance and concluded that surface states do not contribute
to the spectrum, since they were already occupied at the po-
tentials used in the CTRIPS experiments.

In another experiment[22], Murakoshi and Uosaki mea-
sured the effect of electrode thickness on the intensity of
light emission and observed that the spectral intensity in-
creases with increasing electrode thickness[22a], a result
attributed to the increase in the number of bulk states with
increasing thickness. This fact provided an added basis for
their conclusion that bulk states contribute to the emission
intensity much more than do surface states. They also com-
pared the spectra from benzonitrile,t-stilbene and benzophe-
none at the same energy above the Fermi level (Einj ) [22b].
Part of their figure is reproduced here inFig. 4. It is seen
that the spectra from benzophenone and benzonitrile over-
lap very well. Bulk states depend only on the potential of
the electrode and thus the bulk band structure depends only
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Fig. 5. Inverse photoemission at Au(1 1 1) with constantEinj = 2.9 eV using different redox agents. (- -) are the results of Murakoshi and Uosaki[25]
and (—) are the results of McIntyre and Sass[4].

on Einj . From this fact and their data, they concluded that
the main contribution to the photon emission is indeed from
bulk states.

For comparison we have plotted inFig. 5, a spectrum
from McIntyre and Sass[4c] for benzophenone together
with one from Murakoshi and Uosaki[22c] for benzonitrile,
both at anEinj of 2.9 eV and for an Au electrode. It is seen
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Fig. 6. Inverse photoemission at using different redox agents at the platinum electrode. (- -) are the results of Murakoshi and Uosaki[26] and (-�-) are
the results of Ouyang and Bard[11].

that instead of the spectra coinciding, there is a very large
shift, so large that it may reflect some misprint in which
one of the measurements may not have been converted to
the appropriate relative electrode scale. The one difference
in conditions of two experiments is that of the supporting
electrolyte, which was tetrapropyl ammonium fluoroborate
(TPABF4) for McIntyre and Sass and tetrabutyl ammonium
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fluoroborate (TBABF4) for Uosaki et al. The effect of the
supporting electrolyte and in particular the tetraalkyl ammo-
nium ions[24] is discussed in later sections.

One consequence of the difference in experimental con-
ditions of the various groups may also lie in the difference
in the reportedE0’s of the redox couples (Table 1). In the
measurement ofE0 values in nonaqueous solvents, there are
effects due to liquid junction potentials[24]. To include any
differences inE0 values, we use energy differences in our
calculations and comparisons and thus useEinj (i.e.EF−E0)
values (Fig. 1) wherever possible. To calculate theseEinj val-
ues, we use theE0 measured in the particular experiment.
As noted earlier (comment precedingEq. (3)), EF can be
inferred from the electrode potential.

A pair of spectra for platinum are compared inFig. 6
[11a,22d]. The spectra seem to have the same peak position
but are shaped differently. These two studies differ in the
solvent used, HMPA in the case of the solvated electron[11]
and acetonitrile in the case of benzonitrile,[22]. The spectra
of Murakoshi and Uosaki, when plotted versus frequency
(e.g.Figs. 4–6, and 9), appear to be more symmetric than
the emission spectra of the other two experimental groups. It
would be useful in future experiments to establish the exact
shape of the spectrum as well as the frequency dependence of
the spectra at each energy excess (EF −E0), by a similar set
of studies in a single laboratory. We also note that the plot of
spectral emission versus energy in the spectra of Murakoshi
and Uosaki is more asymmetric at high injection energies
and tends to become symmetric at low injection energies
[25,26]. This effect arises from the fact that the low energy
threshold is largely unaffected by electrode potential, but
the high energy threshold shifts to the red when the driving
force (EF − E0) is reduced.

Uosaki and coworkers plotted the quantum efficiency,Φ,
for the benzophenone and benzonitrile systems versus elec-
trode potential[22e]. The curves look remarkably alike when
the benzonitrile curve is shifted negatively by the differ-
ence in theirE0’s. Thereby, the shape of their spectra ap-
pear to depend only onEinj values. They also plottedΦ for
the solvated electron at gold and platinum electrodes,[23a]
and found that the spectral intensity from platinum is much
weaker than that from gold. However, none of the groups
have compared the cut-offs from metals (ER,c or EO,c) ob-
served by the Bard group for Pt,[11,20] to see if they occur
for different metals and if their values depend on the metal.

4. Calculations and results

In the calculations based on the present theory, we con-
sider first the experiments of Murakoshi and Uosaki[23] in
which the donor is a solvated electron and the electrode is
Au(1 1 1). The various properties used to describe the experi-
ment include the tight-binding parameters of Au, the vacuum
band structure of Au(1 1 1), electroreflectance experiments,
and adsorption studies with tetraalkyl ammonium ions.

Tight-binding parameters of gold taken from the literature
[27] were used to calculate the wavefunctions of the metal at
any given energy. As explained inSection 2, for calculating
HDk1 the individual orbital wavefunctions of each of the
atoms of gold are approximated to give a total wavefunction
(Eq. (11)) which is free-electron type in form. Gold has a
face-centered cubic band structure, and in the experiments
the (1 1 1) face was mainly used. We model the same face
in our calculation.

We consider next the form and nature of the surface bands.
The potential of zero charge (pzc), namely, the electrode
potential at which the electrode is uncharged, plays a role
in surface properties. When the surface of the electrode is
uncharged the double layer at the electrode is quite diffuse.
The band structure of the electrode (both bulk and surface
bands) at the pzc is then expected to resemble the vacuum
band structure of the metal[6,18,19,22], when no specific
adsorption is present. The pzc[28] of Au(1 1 1) is 0.325 V
with respect to the SCE, while that of Pt(1 1 1) is 0.85 V[28].

The energy of a surface band changes with respect to that
of the bulk bands if the double layer structure at the inter-
face is very dense, an effect which can be caused by the
specific adsorption of ions on the surface of the electrode
[17]. The cations from most salts (with the exception of the
tetraalkyl ammonium salts) are small and highly solvated
while the anions are large, with weak solvation shells, and
hence are more likely to adsorb. The supporting electrolyte
in the case of the solvated electron experiments of Murakoshi
and Uosaki is NaClO4. The ClO4

− ions have been reported
to affect the surface states on Au(1 1 1) surfaces[17,18]. We
use these data in[17,18]and a free-electron model (see foot-
note 3) to calculate the surface band. The experimentally
measured inverse photoemission vacuum band structure[20]
given inFig. 3 is used to model the surface band at the pzc.
Thus, the energy dispersion of the surface band is calculated
to beh̄2(k2

x+k2
y)/2m

∗ −Esurf (eV), where the value ofEsurf
at pzc is taken to be the same as the energy of bottom of
the surface band in vacuum (0 for Au(1 1 1)). As indicated
from [17], Esurf varied linearly withEF−E0 with a slope of
1.0 eV/V on the positive side and a slope of 0.2 eV/V on the
negatively charged side[17]. The behavior of the positively
charged Au(1 1 1)[6,18] is attributed[24] to the specific ad-
sorption of the anion. The pzc of Pt(1 1 1), as noted earlier,
is 0.85 V versus SCE when the electrolyte is HClO4. The
range of electrode potentials used in these experiments is
0.22–1.44 V versus SCE. The supporting electrolyte in the
experiments of Ouyang and Bard[11,20] is tetrabutyl am-
monium tetrafluoro borate, TBABF4. The TBA+ ions are
known to specifically adsorb on metal surfaces[24,30]. To
explain the data of Ouyang and Bard[11,20] and the role
of the cut-off, we assume that this adsorption causes a slope
of 1.0 eV/V for the change of the surface band energy with
respect to the electrode potential on the negative charging
side of the electrode. Specific adsorption also changes the
pzc and, thus for a clearer interpretation, it is necessary
that both the electroreflectance experiments and the CTRIPS
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Fig. 7. Light emission intensity from Au with Gaussian orbital as donor. Calculated using the model fromSection 2and tight-binding. The 2.6 eV
spectrum cannot be seen on the scale of the other two spectra.

experiments be conducted with the same supporting elec-
trolyte, such as TBABF4.

In our calculations, we remove an electron from our cal-
culation if it enters a surface band, use aλ = 0.4 eV for the
solvated electron[23] andkBT = 0.025 eV. The interatomic
distance between gold atoms is about 2.88 Å[27] and so,
we use az0 = 3.0 andσ = 1.5 Å. We find that the actual
values of andz0 do not affect results of the calculation very
much. Anl = 20 nm[31] is also used.
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Fig. 8. Quantum efficiency from Au(1 1 1) with solvated electrons. The symbols (+) are experimental results replotted fromFig. 5 of [26]. The solid
line (—) is calculated using the model fromSection 2and tight-binding withl = 20 nm.

We also use an adjustable overall normalization factor in
the comparison of the calculated integrated emission inten-
sity and the experimental quantum efficiency.

In the CTRIPS experiments of Murakoshi and Uosaki
[23] being treated here the electrode potential was varied,
leading to anEinj which varied between 2.4 and 3.4 eV. The
emission spectrum was measured in each case. The surface
band at these voltages[17,22] is low-lying and mostly filled
and is expected thereby to have little effect on the spectrum.
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Fig. 9. Emission intensity from Au(1 1 1) with solvated electrons. Replotted fromFig. 4 of [26].

In the tight-binding band structure of Au, there are two
bands above the Fermi level within this energy range. The
edge of the upper band occurs at 2.72 eV relative to the Fermi
level, and is also at the edge of the experimental potentials.
Also, from Eq. (7), we see that the peak of the spectrum
occurs around the experimental driving potential (Einj≡EF−
E0) minus the reorganization energy, i.e. at(EF−E0)−λ. As
Einj is lowered from 3.4 to 2.4 eV the upper band contributes
less and less (proportional to the tail of a Gaussian) to the
emission. The direct transitions are thereby possible in this
calculation only via thek⊥ broadening caused by the surface.
The Au hole injection spectra of McIntyre and Sass are
much more intense than their Au electron injection spectra
because the accessible radiative d-states present below the
Fermi level give rise to intense direct transitions.

Some results from this model are given inFigs. 7
and 8. We reproduce the corresponding experimental spec-
tra in Figs. 9 and 8. There is moderate agreement between
the experimental and the theoretical results. The upper
frequency cut-off in the spectra at a givenEinj (Fig. 7)
arises because the Fermi level serves as the effective cut-off
energy for the electron’s radiative decay to the lower state.

The decay of the integrated intensity (Fig. 8) at highEinjs
occurs because the upper band in the tight-binding model
has a relatively flat energy dispersion, and the density of
states reduces with energy on going to larger energies.

Thel gives the integrated emission intensity curve a shoul-
der on the low energy side (Fig. 8). The smaller thel the
broader the shoulder and the broader the spectrum. We use
here a value ofl which has been inferred from vacuum–metal
interface observations and there is almost no shoulder in
our calculations. The actual value ofl may be smaller for
metal–solution interfaces.

Because of its transparent nature, it is easier to ana-
lyze the free-electron model and some calculations using

the free-electron model are given and compared to the
tight-binding model inAppendix A.

5. Discussion

We summarize first the consequences of the overall model:

1. The electron injected into a bulk state decays radiatively
to a bulk state, and yields the emitted spectrum. An elec-
tron injected into a surface state decays nonradiatively.
Surface states are assumed to be pinned to the solution
potential if the supporting electrolyte shows specific ad-
sorption.

2. In a bulk state to bulk state radiative decay, a change
in film thickness which affects the density of bulk states
causes a change in the emitted spectrum, particularly in
its intensity[22].

3. TheEF changes linearly with electrode potential, as do all
the bulk state energies. Therefore, the spectrum will not
change significantly with change of redox agent (E0) if
the electrode potential is changed in a way so as to com-
pensate for a change ofE0, i.e. ifEF−E0 is kept constant.

4. In Pt(1 1 1), the band structure is such that the cut-off
in emission spectra[11,20] can only be explained in
the present study by the presence of nonradiative sur-
face states which act as sinks and whose energy does not
change with electrode potential, i.e. states whose energy
remains constant with respect to the energy of the re-
dox couple. This behavior can only happen if the surface
states can sense the potential of the solution more strongly
than they sense the potential of the bulk metal. Thus, as
assumed in the model, they are pinned to the solution po-
tential while the bulk states move linearly with the elec-
trode potential. Primarily because of the cut-off results of
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Ouyang and Bard[11,20], the evidence currently favors
surface states which facilitate radiationless transitions.

The principal uncertainty in the present calculation of the
position of the upper band is the effect of the solvent. The
tight-binding parameters[27] used to calculate the position
of the band are fit to reproducing the properties in metal–
vacuum experiments, and in these experiments the potential
is typically not varied. Further, the profile of the potential
drop near the metal surface changes on adding a solution.

The position of the upper band reflects its accessibility
and, thereby the shape of the emission spectrum on the high
energy side. The less accessible the band, the sharper the
calculated fall-off of the spectrum at the high energy side,
and the lower the agreement with the observed shape. The
accessibility of the band also determines the shape of the
integrated intensity of the spectrum and the higher in energy
the upper band, the sharper the rise in the integrated intensity
of the spectrum.

In some earlier calculations[32], we showed that the
wavefunctions that contribute to each band have bulk as well
as surface parts. If the surface part of these wavefunctions
are pinned to the solution potential, as purely surface states
are, then the energetic position of the wavefunctions will be
correlated to the solution potential. This correlation might
also lead to a shift in the position of band edges. We do not
include this effect in the present introductory calculation.

In passing we note, two other mechanisms for radiative
transitions that could in principle also give rise to light emis-
sion. However, they do not appear to be applicable to the
Au, Pt or Pd systems studied:

1. In one mechanism, the electron is injected into a surface
state and emits radiatively, so reaching a lower unoccu-
pied bulk state. Under specific adsorption[18], the en-
ergy of the initial surface state of the electron changes
with respect to that of the bulk states as the electrode po-
tential is varied. The relative positions of the surface and
bulk states change approximately linearly with potential,
with a unit slope, and the spectrum changes accordingly.
However, since the surface states on the (1 1 1) face of
both Pt and Au are low in energy[15], it is unlikely that
they contribute to the spectra as injection states.

2. In another mechanism, the electron is injected into a bulk
state and decays radiatively from the bulk state to a sur-
face state. A change in any property which affects the
density of bulk states, such as the electrode thickness,
causes a change in the properties of the spectrum, such as
intensity. Also, the spectrum changes with potential be-
cause of the relative shifts in energies as before. However,
this mechanism cannot be used to explain the Pt(1 1 1)
cut-offs of Ouyang and Bard[11,20] which can be ex-
plained by sink states which remain stationary when the
electrode potential is changed. In Au(1 1 1) on the other
hand the surface states are occupied if one assumes spe-
cific adsorption. Thus, the surface states are not available
for relaxation and light emission.

We note that different types of transitions (surface to bulk,
d-bulk to sp-bulk, etc.) might contribute to the CTRIP spec-
trum at different metal surfaces, and the exact nature and
shape of the spectrum depends largely on the band structure
of the particular metal and the particular surface symmetry
under consideration. Cut-offs of the Bard-type are particu-
larly helpful here, as are the polarization and angle-resolved
experiments of McIntyre and Sass.

In concluding this section, we compare our model with
that of Murakoshi and Uosaki[23]. Both are three-step mod-
els. Three-step models are approximations to the more gen-
eral on step model[2] of inverse photoemission which de-
scribe an overlap between the electron transfer state outside
the metal and the final state after photon emission.

In the present article, we employ a model which uses
actual expressions for electron transfer into the metal. We
assume that the emitted photons arise fromk‖-conserving
direct transitions. In the direction perpendicular to the
surface a Lorentzian broadening is introduced to include
the effect of the surface. Thus, the intensity of the tran-
sitions is determined by how close thek2⊥ is to k1⊥ and
the conservation ofk perpendicular to the surface. In the
tight-binding model, we ignore the effect of the indirect
transitions. The model of Murakoshi and Uosaki[23] is
also a three-step model but treats the electron transfer step
using a constant energy-independent tunneling probability.
The model also assumes nok‖-conservation and so no
possibility of direct transitions. All the spectral intensity
arises from indirect transitions and so the band structure
information is introduced into the problem only via the
density of states in the metal at a given energy. Thus, any
information about band gaps is omitted. Direct transitions
andk‖-conservation play a major role in inverse photoemis-
sion in vacuum at low energies and so are expected to play
some role in CTRIPS too. The overall asymmetric shape
of the spectra calculated in the present paper nevertheless
remains approximately the same as that calculated in[23].
However, using an expression for electron transfer and the
band structure of the metal, we find that the low energy
cut-off is better described than with an expression which
does not contain these details. On the other hand, Mu-
rakoshi and Uosaki[23] describe the relaxation processes
(step two of the three-step model) more rigorously than
the present paper, which introduces electron–electron col-
lisions through a single relaxation length parameter. Also,
the present paper neglects any reabsorption5 of emitted
photons.

5 The optical penetration depth of visible photons is about 20 nm[23].
This distance is of the same order of magnitude as the vacuum inelastic
scattering mean free path,l, that we use. The optical absorption (inverse
of the optical penetration depth) can be easily included in our model as an
extra relaxation inEq. (13). If however thel is reduced by the presence of
the surface and the solution then the introduction of the optical absorption
coefficient might not necessary. In this first calculation, we ignore the
effect of the optical absorption coefficient. This reabsorption is treated in
[23].
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There is a clear need for further experimental results and
in the next section we consider possible experiments which
may clarify the existing results and provide further insight
into CTRIPS and tests of the theoretical model.

6. Proposed experiments

Experiments which may serve to clarify various features
of the present mechanism and the CTRIPS phenomena in-
clude the following:

1. While cut-off experiments were performed for Pt(1 1 1)
none have been performed for Au(1 1 1). The difference
in Shockley states in the two metals would yield differ-
ences in the cut-offs, if the present mechanism is correct.
The position of the Shockley states at the Pt(1 1 1) surface
is about 1.2 eV above the Fermi level[15], while those at
the Au(1 1 1) surface are slightly above Fermi level[15].
This difference of about 1 eV would be expected to re-
sult in a difference in the thresholds for photon emission,
if the role of the surface states is nonradiative. From this
viewpoint,ER,c for Au(1 1 1) should be about 1 eV lower
than that for Pt(1 1 1). An experiment which determines
the cut-offER,c for Au would clearly be useful in clari-
fying the actual role of the surface states.

2. The relative emission intensity of the electron and hole
injection has been compared in only a single article[4].
More comparisons of relative intensities of the two emis-
sions in Au(1 1 1) are clearly of interest. Au(1 1 1) pos-
sesses allowed bulk transitions below the Fermi level,
while it does not have any allowed bulk transitions above
the Fermi level up to about 3.6 eV. On this basis, the hole
spectra would be expected to be much more intense than
the electron spectra, as was observed in the factor of 50
in the early experiments[4] with Au(1 1 1). In Pt(1 1 1)
the d-states are at the Fermi level and seem not to con-
tribute much to the electron injection spectrum. Assum-
ing that the contribution remains approximately the same
in the case of hole emission the hole and electron CTRIP
spectra would be similar. It would be useful to have such
comparisons for Pt(1 1 1), since intensities can give in-
formation as to whether a transition is direct or indirect.

3. Apart from the initial experiments of McIntyre and
Sass there are no experiments on CTRIPS at differ-
ent angles[4] or with different light polarizations[7].
Angle-resolved spectra for CTRIPS are few and their
exact peak structure is not clear. The theoretical model
presented in this article uses a tight-binding band struc-
ture for the metal. If such experiments become available,
the present model can be easily adapted to include ac-
curate coupling matrix elements and to calculate the
angle-resolved peak structures in light emission spectra.
In the case of vacuum inverse photoemission,k-resolved
experiments provide detailed information on the posi-
tions of band edges and surface states[3]. The con-

tribution to the spectrum in the solution case arises,
in contrast with the vacuum experiments, from a wide
distribution of k‖ and kz, reflected in the fact that in
electron transfer the wavefunction of the reactant can
be Fourier-decomposed into many such states. Never-
theless, the increasing detail of angle-resolved emission
such as that obtained by McIntyre and Sass, can eluci-
date the energetic positions and angular dispersion of
the upper and lower states involved in the emission. To
obtain accurate angle-resolved spectra, a more accurate
form of the metal wave function using a first principles
quantum calculation may ultimately be needed.

Polarization spectra can be interpreted via a model
and such experiments can provide information about
the optical matrix elements of the transitions and thus
about the bands which contribute to the emission. An
sp to d transition in the hole study of Au(1 1 1) gives
P-polarized light[7]. Au(1 1 1) has its d band below
the Fermi level while Pt(1 1 1) has its d band at Fermi
level. Comparison of polarization-resolved hole spectra
at Pt(1 1 1) and Au(1 1 1) surfaces could help clarify the
role of the d-states in the emission. In some previous
calculations[32], we found that d-states contribute much
less, per state, than do the sp-states to some electron
transfer processes. It is likely that such effects occur in
the CTRIPS experiments when the electron or hole is
injected into d-states. The reduction in intensity is not
expected to occur in the optical matrix elementHk1k2

since the coupling is of a different nature from that in
electron transferHDk1.

4. Thus far, no effects of concentration or specific adsorp-
tion of the supporting electrolyte on the spectrum appear
to be available, either in CTRIPS or in electroreflectance
experiments. In principle, a decrease in concentration
would make the electrical double layer more diffuse and
could lead to a smaller effect of electrode potential on
the relative position of the surface states with respect to
bulk states. A change in the supporting electrolyte from
one which specifically adsorbs to one which does not
would also lead to a similar change. An example of such
an experiment would be one using tetraalkyl ammonium
ions with different alkyl chain lengths[24,30]. If there is
a significant effect on electroreflectance then there could
be a significant effect on CTRIPS.

5. We have not explored the possibility that suitable optical
experiments may provide added insight into the position
of the upper band in the presence of the solvent.

7. Concluding remarks

In the present article, the various experimental results for
CTRIPS, are summarized and a theory is proposed for their
treatment. This model reproduces approximately the various
features of the emission spectra, including the high and low
frequency cut-offs at a givenEinj . The question of the role
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of surface states is also addressed. A number of different ex-
periments which serve to test the ideas are proposed. Since
the mechanism can depend upon band structure, as discussed
in Section 5, such experiments can also help differentiate
among possible mechanisms of inverse photoemission. The
mechanism proposed in the present paper is applicable to
the band structure for Au(1 1 1) and Pt(1 1 1) electrodes. It is
expected that different optical transitions will occur at dif-
ferent metal surfaces owing to their diverse band structures.
The final spectrum will depend on the type and nature of
the energy bands present in the metal surface band struc-
ture. Thus, with increasingly detailed experiments it can be
expected that CTRIPS can be a useful technique for probing
the electronic structure and behavior of metal–solution in-
terfaces. While the once active field of CTRIPS has waned,
perhaps reflecting the lack of the experimental–theoretical
interaction that has so enriched many other areas of electron
transfer chemistry, we hope that the proposed experiments
and tests of theoretical ideas may stimulate a revival of this
interesting multi-faceted phenomenon.
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Appendix A. Free-electron model

Because of the transparent nature of the free-electron
model, it is useful to compare its results with those of the
tight-binding model. The initial equations for the model are
the same as those for the tight-binding model and thus,
Eqs. (7)–(9)are still valid. For a free-electron model, how-
ever, the metal wavefunction with wavevectork1 is of the
form Aeik1·r instead of the form given inEq. (10)or the
form given in Eq. (11), which has a modulating factoru′

n

at each atom. Since the metal has a surface, this form is
changed to one which satisfies boundary conditions at the
surface, and the wavefunction becomes modified to[33]
Aei(k1xx+k1yy) sin(k1zz), wherek1z is thez-component of the
wavevector of the metal. Here, the lattice planes are labeled
from 1 to∞ andz is 0 where the zeroth lattice plane would
have been present had there been no surface. Using a Gaus-
sian form for the donor,B exp(−(x2+y2+(z−z0)

2)/(2σ2)),
as before, a coupling matrix element can be calculated:

|HDk1|2 =
∣∣∣∣V̄

∫ ∞

x,y=−∞

∫ ∞

z=0
e−(x2+y2+(z−z0)

2)/2σ2

× ei(k1xx+k1yy)sin(k1zz)dx dy dz

∣∣∣∣
2

. (A.1)

TheV̄ denotes the productVAB, V being the electronic cou-
pling element between the metal atoms and the donor in
solution.

In the free-electron model in this appendix, in lieu of a
tight-binding parametrization of the band structure, we as-
sume a vacuum-like band structure. In this regime, we also
assume that if necessary indirect transitions also contribute
to the spectrum. They were not necessary in the tight-binding
treatment in this text. When direct transitions are not ac-
cessible then the electron can still radiate by indirect transi-
tions. In the relatively crude free-electron model, the upper
band is less accessible for injection, and the higher energy
edge of the calculated spectrum becomes too steep because
only few energies contribute at this edge. Only few ener-
gies are accessible, and thus, the edge would take the shape
of the Fermi function at that temperature. As explained be-
low, in the present paper the indirect transitions are not
assumed to be strong enough to affect the shape of this
edge.

For the free-electron model, we first calculate the contri-
bution toHk1k2 given byEq. (9) from directk‖-conserving
transitions. We use a two-band approximation for the band
structure of the metal (Fig. 2) yielding

|Hk1k2|2 =
∣∣∣∣T

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

z=0
e−i(k1xx+k1yy)sin(k1zz)

× e−i(k2xx+k2yy)sin(k2zz)e
−z/l dx dy dz

∣∣∣∣
2

.

(A.2)

As in the tight-binding case, thel, serves to introduce the
relaxation of the electron through electron–electron colli-
sions. The integrals overx andy yield δ functions which give
momentum conservation alongk‖. The remaining integral
is then easily calculated.

We calculate next the contribution of indirect transitions
to Hk1k2. Indirect transitions can also contribute to the pho-
toemission and inverse photoemission processes in vacuum
[1,34] and have been modeled rigorously[13]. If no di-
rect transitions can occur then the electrons radiate only
through indirect transitions, as noted earlier. In the present
free-electron model, indirect transitions are introduced in a
simple and quite approximate way.

A broadening term similar to the mean free path broad-
ening but present in all directions is introduced. This term,
like the l of the direct transitions decorrelates thek1 from
k2. A large broadening allows a calculation of |Hk1k2|2,
by replacing the integral by a constant multiplied byT.
This constant which we shall callTind, serves to reduce
the entire spectral intensity of the indirect transitions rel-
ative to the direct ones. Upon introducing this approxi-
mation into the expression for the coupling we have, for
|Hk1k2|2

|Hk1k2|2 = T 2
indT

2. (A.3)
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Substituting forHk1k2 andHDk1 in Eq. (9)and inEq. (8)we
get the |V(ε)|2 for indirect transitions

|V(ε)2| = T 2
indT

2
∫∫

d3k2 d3k1|HDk1|2

× δ(ε1(k1) − ε)δ(ε1(k1) − h̄ω − ε2(k2)), (A.4)

which is the joint density of states at the two energiesε1
andε2, modulated by |HDk1|2.

We next consider the band structure of gold within the
free-electron model. An experimentally measured (inverse
photoemission) vacuum band structure[29] is given inFig. 3.
A particular cross-section of the plot ofk‖ versus energy
is shown there (k‖ has two componentskx and ky). Three
bands exist within the experimentally accessible range: a
bulk band at about 3.6 eV above the Fermi level, a surface
band which extends above the Fermi level and another bulk
band below the surface band. Our free-electron model for
the metal is chosen to reproduce these three bands of the
metal. Gold has a face-centered cubic band structure, and
in the experiments the (1 1 1) face is used. This plane and
the fcc structure is used in our tight-binding calculations,
but for simplicity, we assume a cubic band structure and a
(1 0 0) face in our free-electron calculations.

The (1 0 0) face is analytically more accessible. With a
cubic band structure sine-like wavefunctions can be used
for the semi-infinite metal. We use the (1 1 1) band structure
given inFig. 3to model the theoretical (1 0 0) band structure.
In this way, the surface structure and the band gaps and sur-
face states that are of most interest are described accurately.

As before, the Fermi level of the metal is taken to be
the zero of energy. The lower bulk band,ε2 in Fig. 2, is
modeled using the form ¯h2(k2

x + k2
y + k2

z )/2m
∗ − 7.12(eV).
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Fig. 10. Projected band structure using the formulae for upper and lower bands given in the text.

The band gap in our model occurs due to a Brillioum zone
cut-off. The upper bulk band is of the form ¯h2(k2

x + k2
y +

k2
z )/2m1+Eup (eV). Them∗ andm1 are the effective masses

of the electron in the lower and the upper bands, respec-
tively, with m∗ = 0.37m andm1 = 1.0m, wherem is the
rest mass of the electron[29]. A plot of the calculated band
structure withEup = 3.2 eV is given inFig. 10. We find that
anEup = 3.2 eV gives the best fit to experimental CTRIPS
spectra out of the values of 3.6, 3.4 and 3.2 eV ofEup.
The actual band edge is observed to be located at 3.6 eV at
the vacuum–Au(1 1 1) interface[29] instead of 3.2 eV. Band
edges are fairly sensitive to the experimental conditions and
might shift at the solution–metal interface, but we do not
know whether it causes the difference between the two val-
ues, or whether the difference reflects the present approxi-
mate model used for the indirect transitions. The larger the
values ofEup used, the sharper the elbow shape of the cal-
culated curve inFig. 11. We model the surface band as in
the case of the tight-binding transitions.

The emission spectrum in[23], was measured at values
of Einj between 2.4 and 3.4 eV above the Fermi level of the
metal. The upper bulk band in the two-band model occurred
at the edge of the experimental voltage. Also, fromEq. (7)
we see that the peak of the spectrum will occur around the
experimental voltage minus the reorganization energy, i.e.
at (EF − E0) − λ, as noted earlier. WhenEinj is lowered
from 3.4 to 2.4 eV this band contributes less and less (pro-
portional to the tail of a Gaussian) to the emission. Thus,
direct transitions are possible only at the upper end of the
experimentally measured potentials. We assume in the cal-
culations a factor of 50 forTind in Fig. 11, a factor inferred
from the results on hole and electron spectra of McIntyre



20 S. Gosavi, R.A. Marcus / Electrochimica Acta 49 (2003) 3–21

0 1 2 3 4

Energy above Fermi level (eV)

Q
ua

nt
um

 E
ff

ic
ie

nc
y 

(a
rb

. u
ni

ts
)

         Experiment 
Murakoshi and Uosaki '93

Calculated
↵

➘
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Fig. 12. Light emission intensity from Au with Gaussian orbital as donor. Calculated using the model from theAppendix A, i.e. the free-electron model.

and Sass[4]6 as follows: The Au hole injection spectra of
McIntyre and Sass are much more intense (by a factor of

6 The factor Tind is obtained from the difference in light emission
intensity between hole and electron transitions at 2.9 eV above and below
the Fermi level, respectively. The electron transitions are mainly indirect
transitions due to a band gap present above the Fermi level in theΓ−L
direction of the Au(1 1 1) surface[4]. The hole transitions on the other
hand are inferred to be direct transitions[4] between a low lying d-band
and an sp-band at the Fermi level. The density of d-states is higher than
the densities of the sp-bands present above the Fermi level and, this fact

Tind) than their Au electron injection spectra because there
are no radiative states up to about 3 eV above the Fermi level
in gold and they attribute their CTRIP spectra to indirect
transitions. The accessible radiative states present below the

would enter into a more accurate calculation. In an earlier calculation
[32], we found that the d-bands couple weakly and thus the contribution
from any extra density of states did not make a large difference to the
electron transfer rate constant. We use this fact, in the present calculation
and, assume that the effective density of states is approximately constant
as a function of energy.



S. Gosavi, R.A. Marcus / Electrochimica Acta 49 (2003) 3–21 21

Fermi level gives rise to intense direct transitions. We adopt
this explanation of McIntyre and Sass for the spectra and
use it to calculateTind.

Results from this model are given inFigs. 11 and 12.
We reproduce the corresponding experimental spectra in
Figs. 9 and 11. It is easier to analyze the spectra from the
free-electron model.

We note that the treatment of indirect transitions in
this model is only a first approximation, as reflected in
the sharp transition from the direct to indirect transi-
tions shown in the curves obtained from the free-electron
model. The lower spectral frequency cut-off arises from
the approximate[33] sin(k1zz) dependence of the matrix
element and the shape of the band structure. The lower fre-
quency cut-off occurs at a much higher energy (≈1.5 eV)
in the calculation of direct transitions alone. The addi-
tion of indirect transitions lowers it. The upper frequency
cut-off arises because the Fermi level serves as the effec-
tive cut-off energy for the electron’s radiative decay to the
lower state. Light emission spectra calculated using the
model presented here become more symmetric and show
a peak shift to lower energies with an increase in lambda
values.
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