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ABSTRACT: Photoinduced electron transfer processes from semiconductor quantum dots
(QDs) molecularly bridged to a mesoporous oxide phase are quantitatively surveyed using
optical pump−terahertz probe spectroscopy. We control electron transfer rates in donor−
bridge−acceptor systems by tuning the electronic coupling strength through the use of nmethylene (SH−[CH2]n−COOH) and n-phenylene (SH−[C6H4]n−COOH) molecular
bridges. Our results show that electron transfer occurs as a nonresonant quantum tunneling
process with characteristic decay rates of βn = 0.94 ± 0.08 and βn = 1.25 per methylene and
phenylene group, respectively, in quantitative agreement with reported conductance
measurements through single molecules and self-assembled monolayers. For a given QD
donor−oxide acceptor separation distance, the aromatic n-phenylene based bridges allow faster
electron transfer processes when compared with n-methylene based ones. Implications of these
results for QD sensitized solar cell design are discussed.
KEYWORDS: Electron transfer, Marcus theory, molecular electronics, donor−bridge−acceptor, quantum dot sensitized solar cell,
terahertz spectroscopy

W

in our knowledge has been attributed to the challenge of
quantifying ultrafast electron transfer processes in a noncontact
fashion in these a priori highly heterogeneous systems.10,11
In previous work, we have demonstrated the unique potential
of optical pump−terahertz (THz) probe (OPTP) measurements for interrogating ET processes on QD sensitized oxide
ﬁlms.12,13 The strength of the technique relies on its ability to
measure the complex (real and imaginary) photoconductivity of
the sample after optical excitation with subpicosecond time
resolution.14 As long as charge carriers are conﬁned within the
QDs, the pump-induced real photoconductivity is zero; as soon
as charges are transferred to the oxide, the carriers are free to
move, and the real conductivity becomes ﬁnite. A gradual
increase in the real conductivity with time after photoexcitation
therefore directly and unambiguously reﬂects the ET processes
taking place from the QD to the oxide. However, we have
reported previously12,13 that there is an additional, instantaneous contribution to the real conductivity upon photoexcitation due to free carriers populating QD aggregates. Here,
we show how deliberate photo-oxidation of the sample allows
us to separate out this parasitic signal to obtain pure ET
kinetics.

hile metal oxides constitute robust and relatively cheap
semiconductor materials that are ﬁnding increasing
applications in optoelectronics, their band gaps are typically
prohibitively wide for the generation of electron−hole pairs
through the absorption of visible light. Several approaches have
been developed to circumvent this drawback. Speciﬁcally, the
sensitization of mesoporous oxides by semiconductor quantum
dot (QD) nanocrystals represents a promising route for the
development of low-cost solutions for energy production (i.e.,
in QD sensitized solar cells1−3) and storage (i.e., in
photocatalyst for water splitting4,5). In a common approach
for the sensitization of mesoporous oxide ﬁlms with QDs,
bifunctional molecular linkers are employed, for which each
end of the molecule selectively anchors to the donor and
acceptor, respectively.6−9 This conﬁguration has been termed a
donor−bridge−acceptor system,10 where the bridge imposes a
barrier potential (φ) that has to be overcome in order for
electron transfer (ET) to occur (see Figure 1). The barrier
potential height is a direct measure of the donor−acceptor
electronic coupling strength, and the ET rate is expected to
decrease exponentially with both barrier height and bridge
length.10 Despite the apparent relevance for molecularly
engineered novel and more eﬃcient quantum dot-sensitized
systems, little quantitative information exists regarding the role
of the molecular bridge on the ET process. Existing studies
have shown that the nature of the molecular bridge aﬀects the
ET processes7−9 but are largely of a qualitative nature. This lack
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recombination within those QD aggregates) and a picosecond
time scale rise of the conductivity. Note that only the slow rise
of the real conductivity signal (indicating an increasing
population of free carriers in the oxide) is related to the ET
process of interest.
Photo-oxidation of the sample is achieved by exposing the
sample to air under identical optical excitation conditions (in
this case 12 h with 400 nm pulses at 1 kHz at a ﬂuence of 40
μJ/cm2, dotted black trace in Figure 2). Photo-oxidation of
QDs causes quenching of QD luminescence,15,16 as a result of
the generation of electron traps in the QD surface. The
generation of these traps also can prevent ET from QDs to the
oxide phase,13,17 which is apparent in our measurements from
the disappearance of the time-dependent ingrowth of the
photoconductivity upon photo-oxidation (Figure 2, dotted
line). The instantaneous signal due to aggregated QDs remains,
being a bulk signal that is less sensitive to the state of QDs at
the surface of these aggregates. Hence, by comparing
photoconductivity dynamics in the pristine sample with that
in a photo-oxidized sample, for which ET is strongly
suppressed, we can resolve unambiguously the ET component
of interest. The green trace in Figure 2 is obtained by
subtracting OPTP traces with diﬀerent degree of oxidation
(solid and dotted black traces in Figure 2). The resulting
dynamics can be well-described by a single exponential function
allowing for straightforward quantiﬁcation of ET from the QD
to the oxide.
Two important observations must be made here: (i) The
inferred kinetics are independent of the degree of photooxidation for the two comparative measurements; (ii) while the
parasitic signal can vary strongly between diﬀerent samples, or
even diﬀerent spots on the same sample, our photo-oxidation
protocol gives identical ET kinetics from sets of samples made
with the same recipe (see the Supporting Information). It is
remarkable to note that monophasic kinetics describe our
measurements extremely well. This result implies that,
following Marcus theory,18 most of our QD sensitizers
experience similar energetics (ΔG) and donor−acceptor
electronic coupling strengths (|HDA|2), challenging the a priori
intuition of ET heterogeneity for mesoporous systems. A
detailed analysis of the degree of ET heterogeneity for diﬀerent
mesoporous oxides is in progress and will be reported
elsewhere.
To study how the nature and length of the molecular bridge
between QD donor and oxide acceptor aﬀects ET rates, we
investigate bridges based on n-methylene (HS−[CH2]n−
COOH, n = 1, 3, 5, 7) and n-phenylene (HS−[C6H4]n−
COOH; n = 1, 2) backbones. The bridges form the connection
between ∼3 nm diameter CdSe QDs and SnO2 nanoparticles,
corresponding to a ﬁxed driving force for ET of ΔG ∼ 1.1
eV;18,19 see Figure 1. Figure 3a and b depicts the obtained ET
kinetics for the two types of analyzed molecules; in both cases a
slow-down of the ET rate with increasing bridge length is
apparent. Also here, the ET kinetics can be described very well
by single exponential functions (black solid lines in Figure 3a
and b). Table 1 summarizes the extracted ET rates for all
molecular bridges considered in this study, and the lengths of
the corresponding gas-phase molecules as obtained through
density-functional theory (DFT) calculations (see the Supporting Information). The kinetics of each sample was monitored
within suﬃciently large time windows to allow resolving the
signal plateau (indicating that the ET process is complete).
Only for the two largest n-methylene based bridges our

Figure 1. Principle of operation for time-resolved THz photoconductivity measurements and sketch of the energetics of the QD−
bridge−oxide system. After selective absorption of a femtosecond
optical pump pulse (red) by the QD, electron transfer through the
molecular bridge to the oxide can occur (dashed arrow). Free electrons
(e−) populating the oxide conduction band (CB) can be selectively
probed through their photoconductive response by a freely
propagating THz pulse (orange). The excess energy ΔG of electrons
in the QD excited state relative to the oxide conduction band (i.e., the
driving force for electron transfer) triggers the electron transfer
through a barrier potential of height φ and width d deﬁned by the
lowest unoccupied molecular orbital (LUMO) level of the molecular
bridge.

As an example of the methodology, we show in Figure 2 the
characteristic photo-oxidation OPTP dynamics for a sample

Figure 2. Characteristic evolution of the pump induced photoconductivity dynamics monitored by OPTP on CdSe QDs sensitizing
SnO2 connected by a HS−[CH2]3−COOH brigde, for the unoxidized
sample (top black trace) and after 12 h exposure to air and 400 nm
radiation (photo-oxidation process, black dotted trace). The green
trace at the bottom is the diﬀerence between the two traces
experiencing diﬀerent degree of photo-oxidation and provides the
kinetics of the real ET process. The black solid line is the
corresponding single exponential ﬁt.

consisting of ∼3 nm diameter CdSe QDs sensitizing a
mesoporous SnO2 ﬁlm by 4-mercaptobutyric acid (HS[CH2]3-COOH). A detailed description of the sample
preparation and measurement protocols are given in the
Supporting Information. The solid black trace in Figure 2 is the
time-resolved real conductivity signal for a sample preserved
from photo-oxidation (prepared and measured under nitrogen
environment). The real conductivity response of the sample is
characterized by an instantaneous rise of the conductivity at
time zero (attributed to photoconductivity within QD
aggregates12,13) followed by a fast decay (due to trapping or
5312
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Figure 3. ET kinetics between ∼3 nm CdSe QDs and SnO2 through (a) n-methylene based bridges (HS−[CH2]n−COOH, with n = 1,3,5,7) and (b)
n-phenylene based bridges (HS−[C6H4]n−COOH, with n = 1, 2). Black lines depict single exponential ﬁts.

predicts kET(d) = kET(0) exp[−βd], where d is the distance
between donor and acceptor states, kET(0) the ET rate at d = 0,
and β is the characteristic tunneling decay rate for a given
barrier potential (see Figure 1). While the size of the nphenylene data set leaves room for the possibility of ET being
dominated by other mechanisms (e.g., electron hopping10), we
assume here that the charge transfer through the n-phenylene
based bridges is also mediated by nonresonant coherent
tunneling (red solid line in Figure 4), in agreement with
reported conductance measurements.21,22 We obtain for the nphenylene bridges a tunneling decay rate of β = 0.29 Å−1 (or
equivalently βn= 1.25 per phenylene group), while for the nmethylene bridges β = 0.75 ± 0.06 Å−1 (or βn = 0.94 ± 0.08 per
methylene group). Within the superexchange model, the
tunneling decay rate takes the form β = −(2/a) ln(Hbb/
ΔEdb), where Hbb is the internal coupling energy between
bridge units, a is the bridge-unit length, and ΔEdb is the energy
of the mediating tunneling state above the donor ground state.
Accordingly, small barrier heights and/or strong bridge unit
coupling lead to small β coeﬃcients and large conductance in
the donor−bridge−acceptor system. As shown in Figure 5, our

Table 1. QD-Oxide ET Times and Rates Extracted from
Fitting Procedures for All Molecular Bridges Considered in
This Study and Lengths of the Corresponding Gas-Phase
Molecules Obtained through DFT Calculations, As
Described in the Supporting Information
bridge HS−[X]n−COOH

molecular
length (Å)

ET time τET
(ps)

[CH2]1
[CH2]3
[CH2]5
[CH2]7
[C6H4]1
[C6H4]2

4.0
6.5
9.0
11.5
6.7
11.0

3±1
25 ± 2
225 ± 5
758 ± 10
2±1
7±2

rate constant
kET (s−1)
3.33
4.00
4.44
1.32
5.00
1.42

×
×
×
×
×
×

1011
1010
109
109
1011
1011

experimental time window (0−1100 ps, limited by the length of
the optical delay line) was insuﬃcient to clearly resolve the
plateau in the OPTP traces (see Figure 2a), increasing the
uncertainty in the inferred value for the ET rate (Table 1).
Figure 4 shows the evolution of ET rates as a function of
nominal length for bridges (as estimated by DFT, see Table 1

Figure 4. Estimated ET rate constants vs molecular bridge length for
n-methylene based bridges (HS−[CH2]n−COOH, with n = 1, 3, 5, 7;
black dots) and n-phenylene based bridges (HS−[C6H4]n−COOH,
with n = 1, 2; red squares). Solid lines are best ﬁts to kET(d) = kET(0)
exp[−βd] as discussed in the text.

Figure 5. Energetic and spatial distribution of the frontier orbitals of
HS−[CH2]7−COOH (left) and HS−[C6H4]2−COOH (right)
molecules, calculated using DFT (see the Supporting Information).

theoretical calculations illustrate the origin of the large
diﬀerence in inferred β’s: the n-methylene bridges are
characterized by highest occupied (HOMO) and lowest
unoccupied molecular orbitals (LUMO) strongly localized to
either end of the bridge, with a large HOMO−LUMO gap and
LUMO level very close to the ionization threshold. The higherlying virtual orbitals located on the central moiety are similarly
weakly coupled. In contrast to the n-methylene bridge, the
frontier orbitals in the n-phenylene molecule delocalize across

and Supporting Information) based on n-methylene (HS−
[CH2]n−COOH, n = 1, 3, 5, 7) and n-phenylene (HS−
[C6H4]n−COOH; n = 1, 2) backbones. In the case of nmethylene based molecules, the ET rate decays exponentially
with bridge length. Indeed, as shown in Figure 4 (black solid
line), the data is well-described as a nonresonant coherent
tunneling process (where the electron never resides on the
bridge; the so-called superexchange mechanism10,20) which
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theoretical calculations. This material is available free of charge
via the Internet at http://pubs.acs.org.

the entire molecule, with both HOMO and LUMO showing
signiﬁcant weight at both ends, and a signiﬁcantly lower lying
LUMO level. This qualitative diﬀerence holds true for all
linkers employed in this study independent of their length (see
the Supporting Information).
Finally, it is worth noting that our obtained β ﬁgures agree
quantitatively with values reported from conductance measurements through single molecules21,23 and self-assembled
monolayers.22,24 This agreement strongly supports our results
(and methodology) and indicates that conductance and ET
rates are indeed closely correlated as theoretically predicted by
Nitzan.25 In conductance measurements the current is
measured while varying the DC bias, resulting in J−V curves.
The equivalent of varying bias for ET measurements is
changing QD size,6,13,18 which controls the ET driving force
ΔG (see Figure 1). Note that β values have been shown to be
practically independent of DC bias in molecular conductance
measurements,23 consistent with the notion that in the
expression for ET rates kET(d) = kET(0) exp[−βd], ΔG
codetermines the prefactor kET(0).
In this work we have contributed to clarifying how ET
processes are inﬂuenced and can be tuned by molecular bridges
of diﬀerent nature and length anchoring QDs to oxide
nanoparticles on sensitized systems. For the studied samples,
we ﬁnd that the molecular bridges sandwiched between QD
donor and oxide acceptor act as simple resistors to current ﬂow.
Similar results have been reported for studies of the tunneling
decay rate through an inorganic barrier layer (the shell of a
core−shell QD).26,27 Our ﬁndings have implications for the
design of QD sensitized solar cells. In these architectures small
donor−acceptor energetics (driving forces ΔG, see Figure 1)
are desired to enhance potential photoconversion eﬃciencies.28
However, small driving forces necessarily imply slow ET
rates,13,18 and then competing relaxation processes within the
QDs can quench the output photocurrent in devices. The
employment of more conductive molecular bridges (e.g.,
phenylene vs methylene ones) can counterbalance kinetically
that eﬀect and hence improved solar cell eﬃciencies are in
principle within reach. In a complete sensitized solar cell based
on a molecular bridge imposing the barrier for current ﬂow
between donor and acceptor, we expect that the presence of a
hole conducting phase (e.g., electrolyte solution) will likely
aﬀect ET rates but not the ET (tunneling) mechanism.
Integrating the concepts of molecular electronics into
QDSSCs could further help us choosing functional bridges
allowing fast unidirectional ET from donor to acceptor. For
example, the employment of molecular bridges showing
rectifying behavior between donor and acceptor could
potentially prevent back electron recombination from the
oxide to the electrolyte or/and from the oxide to the QDs.
These recombination pathways are indeed critical for the solar
cell performance,3 and their suppression will result in higher
photocurrents and hence eﬃciencies. Finally, in this work we
prove that for given system energetics (ΔG in Figure 1) ET
rates in QD sensitized systems can be tuned over several orders
of magnitude by appropriate system design.
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