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Distance-Dependent Electron Transfer in Au/
Spacer/Q-CdSe Assemblies
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Long-range electron transfer, that is, over distances of
several molecular units, is an important phenomenon in
biological systems; its role in protein and DNA function is
currently a central issue in biological and chemical research.[!
Long-range electron tunneling also plays a key role in
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(opto)electronic devices. For instance, further miniaturization
of the silicon-based metal/oxide/semiconductor transistor is
seriously hindered due to electron tunneling through the
oxide layer of molecular thickness.”! The dependence of
electron transfer rate on the tunneling distance is an
important topic in chemistry, biology, and physics. The
electron transfer rate constant k between a filled (donor)
and empty (acceptor) level is given by Equation (1), where
Hyp, describes the electronic coupling between the donor and
acceptor, and F(AG,A) is the Franck — Condon factor.!

k = (2n/h) Hy, F(AGA) (€]

To enable elastic tunneling, a nuclear reorganization in the
donor—acceptor system is often required: The expression
F(AG,A) accounts for the thermal activation that depends on
the Gibbs free energy change AG and the reorganization
energy parameter A of the system. Due to the separation r
between the electron donor and acceptor, the electronic
coupling is much weaker than the maximum value Hpp . and
decays exponentially with r [(Eq. (2)].

Hps=Hpa mxe ™ (2

Much research has been devoted to the experimental
determination of the decay parameter f in crystalline and
amorphous solids and in biologically relevant (protein, DNA)
systems. Interestingly, the values for f, 0.1-1.5 A-l, are
considerably smaller than the values for tunneling through a
vacuum and depend markedly on the nature of the bridging
molecule(s) between the donor and acceptor.l!l An inherent
problem in a reliable determination of § is the possible
dependence of the Franck—Condon factor F(AG,A) on the
separation r because of Coulombic interactions in the
reactant, product, and transition state.l' 3 The electron trans-
fer rate is often investigated by time-resolved optical methods,
for instance, fluorescence quenching of the photoexcited
electron donor or acceptor. For a reliable interpretation of the
data, the mechanism of excited-state decay, which involves
light emission, electron transfer, and/or electron-phonon
coupling, must be known. In addition, this mechanism must
not change when the distance between donor and acceptor is
increased by using larger bridging molecules.

Herein, we describe a class of assemblies, in which a
photoexcitable entity (here a quantum dot, Q, in the form of a
nanocrystalline particle) is covalently linked to a metal by
spacer molecules of variable length. Relaxation of the excited
state in Q may occur by two electronic transfers between the
metal and Q; energy relaxation then occurs in the metal
phase. Figure 1 shows an excited state in Q. Decay by two
consecutive electron transfers may compete with relaxation of
the excited state in Q. For this to occur, the Fermi level of the
metal must be below the energy level of the excited electron
in Q (the LUMO in Figure 1) but above the empty energy
level (the unoccupied trap in Figure 1). Electron transfer
between the energy levels in Q and the continuum of electron
levels in the metal does not involve thermal activation; this
means that the rate is solely determined by the electronic
coupling between donor and acceptor [see Eq. (1) and (2)].

1433-7851/00/3913-2297 $ 17.50+.50/0 2297



COMMUNICATIONS

E
k
- LUMO->Au ® LUMO
kAu —>Trap > Trap
: —@—— HOMO
gold Spacer CdSe Dot
ca.3-12 A ca.32A

Figure 1. Energy diagram of a photoexcited semiconductive Q particle
linked to a metal by a spacer molecule. The relaxation of the photoexcited
state by electron transfer between the metal and the Q particle may
effectively compete with direct decay (vertical arrow on the right-hand
side), if the Fermi level of the metal is located between the energy level
occupied by the photoexcited electron (the LUMO) and the unoccupied
level (a trapped hole).

This simplification allows a direct interpretation of exper-
imental data. In addition, if the metal/spacer/Q assembly is
used as an electrode, the rates of electron transfer can be
measured electrically, namely, by time-resolved measurement
of the photoinduced current in the external circuit. Clearly,
metal/spacer/Q assemblies are ideal systems for the study of
the distance dependence of electron transfer.

We present results obtained with an Au/spacer/Q-CdSe
system (Q-CdSe is a size-quantized CdSe paticle) used as a
working electrode in a photoelectrochemical cell, which
contains also a counter and reference electrode. Three
bissulfide spacer molecules (1-3) have been used; they are
rigid insulating species with lengths of 3.4, 7.7, and 11.8 A,
respectively. These molecules form compact self-assembled

34A  77A 118A
)
)
O
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1 2 3 4 5

monolayers (SAM) on gold with a tilt angle of 23° with
respect to the normal axis.! AOT-stabilized Q-CdSe colloid
crystals in heptane (AOT = bis(2-ethylhexyl)sulfosuccinate)
were prepared according to a procedure reported in the
literature.l! Figure 2a shows the absorption spectrum of the
suspension. The size of the crystals was 3244 A, as deter-
mined by transmission electron microscopy (TEM) and
optical absorbance spectroscopy. The nanocrystals are anch-
ored as a monolayer on the Au/spacer system by immersing
this system in the colloidal suspension for several hours. A
scanning tuneling microcopy (STM) image of the system is
presented in Figure 2b. Evidence for a covalent linking of the
nanocrystals to the spacer molecule by S—Cd bonds is
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Figure 2. a) Absorption spectrum of a suspension of the size-quantized
CdSe colloids (diameter 32£4 A). b) STM image of the CdSe particles
chemisorbed on a gold surface covered with a SAM of 2.

provided by the robust mechanical properties of the Au/
spacer/Q-CdSe system during repeated atomic force micro-
scopy (AFM) and STM scans and also by the fact that the
CdSe dots did not attach to the Au/SAM when the mono-
sulfide spacer molecules 4 and 5, instead of 1-3, were used.
Other evidence for covalent S—Cd bonds is provided in
ref. [6].

The Au/spacer/Q-CdSe electrode was illuminated with an
argon ion laser (A =457 nm). A harmonic contribution to the
intensity, @(w), was obtained with an acoustooptic modulator
(frequency range 1< <10°s7!). The harmonically varying
current density j(w) was measured in the external circuit
between the working and counter electrodes. A typical
spectrum of the optoelectrical transfer function j(w)/e®(w)
for Au/2/Q-CdSe is shown in Figure 3a; similar spectra are
obtained with the spacer molecules 1 and 3. The spectrum can
be explained by assuming a long-lived excited state is formed
in Q-CdSe upon excitation with light of energy hv > E,,,. This
is confirmed by results from transient luminescence spectro-
scopy.[’l At sufficiently high frequencies, j(w)/e®(w) is zero.
An “anodic” vector develops with decreasing frequencies,
which is indicative of electron transfer from the photoexcited
Q-CdSe particles to the gold. The anodic vector reaches a
maximum and subsequently diminishes to zero with decreas-
ing frequency; electron transfer from the nanocrystal to gold
is gradually compensated by the slower transfer in opposite
direction, from the gold to an empty state in Q-CdSe particles.
Thus, decay of the excited state by transfer of an electron from
Q-CdSe to gold and back to Q-CdSe competes effectively
with intraparticle decay (Figure 1). By scanning the Fermi
level of the gold electrode, we found that the long-lived state
of the Q-CdSe particles consists of an electron in the LUMO,
located at around 0.9 eV (versus SCE), and an empty level
(trapped hole), 0.5 eV below the LUMO. Thus, photoinduced
electron transfer is due to a long-lived state (lifetime > 1 ms,
see later) of low energy (0.5 eV). We should remark that this
state results from the decay of a primary exciton (electron in
the LUMO, hole in the HOMO) in the Q-CdSe particle. From
the previous argumentation and from an analytical treatment,
it follows that the characteristic frequencies w, and w,
correspond to the rate constants kyymo_as and Kay_faps
respectively.’] These rate constants are independent of
temperature over the range 293-333 K, which shows that
electron transfer is not thermally activated. In addition, the
rate constants were (nearly) independent of the Fermi level in
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Figure 3. a) Plot of the transfer function j(w)/e®(w) in the complex plane
obtained with a Au/2/Q-CdSe electrode in a photoelectrochemical cell (Pt
counter electrode, SCE reference electrode, aqueous 1M KCl solution). The
spectrum is quantitatively explained by two photoinduced electron transfer
steps between Q-CdSe and gold; the characteristic frequencies w, and w,
correspond to the rate constants kiywo_as and Ka, gp, respectively.®!
b) Semilogarithmic plot of the rate constants k; yyo—.au and K sy 1rap VETSUS
the length r of the spacer molecules 1-3; the results shown were obtained
for three samples for each spacer.

the gold electrode between 0.5 and 0.9 eV (versus SCE). Both
observations show that the Franck — Condon factor F(AG,A) is
a constant and, hence, that changes in the rates of electron
transfer are directly related to the electronic coupling. It was
also found that the optoelectrical transfer function is inde-
pendent of the background light intensity, to indicate that
effects due to two-photon absorption in the Q-CdSe particles
are unimportant.

The dependence of kyypo_au and kay_1rap ON the length of
the rigid spacer molecule was investigated by measurement of
the j(w)/e®(w) spectrum for each Au/spacer/Q-CdSe system
for spacer molecules 1-3. The results are presented in
Figure 3b. Both kj ypmo_aw @nd ku,_1rep decrease exponentially
with increasing distance (k= ke ), the parameter f§ is
0.50 +0.05 A~L. This f value is about one half of that found for
most proteins and comparable to values for DNA strands.[ !
Using the Gamow formula for tunneling through vacuum, =

24/2m.V /h*, we estimate a f8 value of 2.2 A~! assuming an
energy barrier V of 4 eV. The much weaker attenuation of the
electron transfer rates with distance in the Au/spacer/Q-CdSe
system is indicative of strong coupling between Au and CdSe
over the disulfide spacer molecules. It shows that there is a
strong orbital overlap between Au and S on one side and
between Cd and S on the other side of the spacer molecule. In
addition, there must be a strong through-bond interaction in
the spacer molecules. Photoelectron spectroscopy (He I) of
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the spacer molecules proves that there is a strong interaction
between the two 3p, lone pair (Lp) orbitals of the terminating
sulfur atoms (Lp,(S)) through the olefinic &t bond orbitals and
the H,,-C-C-H,, o orbital system of the cyclohexyl rings; the
orbital-energy differences ALp,(S) are for 1-3 0.45, 0.4, and
0.3 eV, respectively.¥ This is in agreement with the weak
distance dependence of the rate of electron transfer in the Au/
spacer/Q-CdSe assemblies reported here.

In summary, for covalently bound metal/spacer/Q assem-
blies, in which Q is a light-absorbing nanocrystal, photo-
induced electron transfer can occur without thermal activa-
tion. This allows an unambiguous determination of the
distance dependence of the electron transfer rate using spacer
molecules of variable length. This is illustrated with CdSe
quantum dots bound to the metal with rigid bisulfide spacer
molecules.
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