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Molecular electronics has been growing rapidly, to a point
where the ambition is to miniaturize conventional electronic
devices down to the single-molecule scale.[1] One of the
essential components of the future molecular circuits is
miniaturized power sources. A few reports have addressed
this key issue by using a single nanowire as a low-power
source for nanoelectronics, such as a piezoelectric nano-
generator based on zinc oxide nanowire[2] and a solar cell
made from a single coaxial silicon nanowire.[3] Organic
donor–bridge–acceptor (DBA) supramolecules have been at
the center of research interest in molecular electronics owing
to their rich charge-transport mechanisms[4] and the ability to
control the rate of charge transfer through chemical syn-
thesis.[5] DBA systems can be promising power sources for
molecular circuits if they efficiently absorb and convert
photons into charge carriers through photoinduced charge
transfer (CT). Recently, semiconductor quantum dots (QDs)
have been combined with dyes, fullerenes, TiO2, or conductive
polymers to yield donor–acceptor (DA) charge-transfer
systems for dye-sensitized cells or hybrid solar cells.[6] How-
ever, the power conversion efficiency of such QD-based
devices remains quite low. Tremendous efforts have been
devoted to unveiling the fundamentals of photovoltaic
processes such as charge separation and recombination in
QD-based devices, mainly by ensemble-averaged optical
methods such as ultrafast transient photoluminescence and
absorption spectroscopy. Recent reports demonstrate that
single-molecule spectroscopy (SMS) is a powerful method to
unveil the inhomogeneous dynamics of CT obscured by
ensemble averaging in a variety of systems, including organic
DBA systems, dyes adsorbed on TiO2, or proteins.[7] A limited
number of SMS studies addresses charge transfer between
QDs and acceptor materials such as TiO2 or an ensemble of
dyes adsorbed on a QD.[8]

Herein we introduce a method to fabricate electron-
transfer DBA heterodimers based on a core/shell CdSe/ZnS
QD and a fullerene derivative, the interparticle distance of
which is controlled by aminoalkanethiol linkers. The fabri-
cated QD–FMH dimers provide a model system for the

single-molecule exploration of photoinduced electron trans-
fer between QDs and electron acceptors, which is an essential
process in QD-based solar cells. By varying the linker length
and the QD size, we demonstrate control of the rate and of
the magnitude of fluctuations of the photoinduced electron
transfer at the level of the individual dimers. With excellent,
size-dependent light absorption properties conferred by the
incorporated QDs, these dimers are promising power-gener-
ating units for molecular electronics.

The components used for fabricating the DBA hetero-
dimers consist of a water-soluble fullerene derivative (full-
erene–malonic acid hexaadduct, FMH); a set of water-soluble
carboxy-ended core/shell CdSe/ZnS QDs with varying sizes
and colors: QD605, QD565, and QD525, denoting QDs with
photoluminescence (PL) emission maxima at 605, 565, and
525 nm, respectively; and a set of aminoalkanethiol linkers
(Figure 1a). The electronic spectra of FMH and QDs are
shown in Figure 1b. Owing to the lack of overlap between the
PL spectra of QDs and the absorption spectrum of FMH,
energy transfer from QDs to FMH is ruled out. Therefore,
charge transfer from QDs to FMH should be the primary
photoinduced interaction under optical excitation at 460 nm.
This interaction can be further narrowed down to electron
transfer (ET), considering the positioning of the electronic
energy levels of CdSe QDs (conduction band �4.3 eV,
valence band �6.4 eV for a 4.4 nm CdSe QD)[9] and fullerene
(lowest unoccupied molecular orbital (LUMO) �4.7 eV,
highest occupied molecular orbital (HOMO) �6.8 eV),
which does not favor hole transfer.[10]

When QDs and FMH are mixed in aqueous solution,
quenching of QDs by FMH is low (15%, see Figure S1a in the
Supporting Information), presumably owing to the weak
electronic coupling between QDs and FMH, as both have
negatively charged carboxy groups at the surface. To enhance
the electronic coupling, aminoalkanethiol linkers of varying
length (Figure 1a) were used to conjugate QD and FMH
components: 6-amino-1-hexanethiol hydrochloride (6AHT),
11-amino-1-undecanethiol hydrochloride (11AUT), and 16-
amino-1-hexadecanethiol hydrochloride (16AHT). Specifi-
cally, the amine end of the linker couples with a carboxy
group of the FMH through a standard coupling reaction
assisted by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), while the thiolated end of the linker binds to the ZnS
surface of the core/shell QD.[11] This procedure enhances
quenching of the QD by FMH in solution (up to 42 % and for
the shortest linker, see Figure S1b in the Supporting Infor-
mation), thus indicating enhanced ET and therefore success-
ful linking of QDs and FMHs by aminoalkanethiols.
Enhanced ET was further confirmed by transient PL and
absorption measurements in solution (see Figures S2 and S3
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in the Supporting Information). We note that control experi-
ments showed negligible quenching of the PL of QDs by EDC
and aminoalkanethiols. However, a limited yield of the EDC
coupling reaction and the unavoidable cross-linking between
QDs and FMH in solution results in the coexistence of
isolated QD particles, dimers, trimers, and even larger
structures, thus making QD–FMH conjugates highly hetero-
geneous. To circumvent this heterogeneity, we designed a
stepwise surface-based assembly procedure that yields QD–
FMH dimers of high purity (see Figure 1c and the Exper-
imental Section). The surface assembly starts with vacuum
deposition of low-molecular amine-ended silane (3-amino-
propyltrimethoxysilane) on cover glass; the density of amine
groups at the surface is controlled by the deposition time.
Next, FMH is immobilized on the surface through EDC
coupling between the amine groups on the glass surface and
carboxy groups of FMH. A second EDC coupling reaction
connects the aminoalkanethiol linker to the immobilized
FMH, specifically the amine group of the linker and an
available carboxy group in FMH. In a final step, carboxy-
ended CdSe/ZnS QDs are coupled to the immobilized and
thiolated FMHs. Since the size of a functionalized core/shell
CdSe/ZnS QD (8–12 nm) is larger than that of FMH

(ca. 1 nm), binding of multiple QDs to a single immobilized
FMH is excluded owing to steric repulsion in this surface
configuration. Conversely, by controlling the surface coverage
of FMHs, we ensure that a single QD couples to only one
immobilized FMH. Control experiments indicated that non-
specific binding of QDs to surface-immobilized FMH mole-
cules is negligible in the absence of aminoalkanethiols linkers
(see Figure S4 in the Supporting Information).

Representative PL intensity and lifetime trajectories of an
isolated QD605 particle and of single QD605–16AHT–FMH,
QD605–11AUT–FMH, and QD605–6AHT–FMH dimers are
shown in Figure 2. The PL intensity trajectory of a QD605

nanoparticle shows the typical “on–off” blinking, a signature
for the presence of a single emitting nanocrystal (Figure 2a).
PL intensity and lifetime values from such isolated QDs are
correlated; for example, high intensity levels exhibit long
lifetimes.[12] The PL intensity and lifetime trajectories of QD–
FMH dimers show correlated fluctuations (Figure 2b–d), but
the corresponding PL intensity and lifetime values are
suppressed when compared to that of QD605, thus suggesting
enhanced nonradiative recombination owing to photoinduced
electron transfer from QD to FMH. Compared to the isolated
QDs, the dimers exhibit different blinking dynamics, with a
continuous distribution of the PL intensity, suggesting inho-
mogeneous electron transfer between QD and FMH.

To better demonstrate the inhomogeneity of ET in QD–
FMH dimers, PL lifetime histograms were constructed from
lifetime trajectories measured from 50 individual QD605
(Figure3 a) and from 50 individual QD605–FMH dimers of a
given linker length (Figure 3b–d). For QD605 , the lifetimes
distribute symmetrically around 20 ns (standard deviation, s

� 6.5 ns). For QD605–FMH dimers, the lifetime histograms
are asymmetric, and peak values diminished to 5 ns (s

� 6.7 ns) for QD605–16AHT–FMH, 3 ns (s� 5.9 ns) for
QD605–11AUT–FMH, and 1 ns (s� 4.4 ns) for QD605–

Figure 1. a) Structures of FMH, CdSe/ZnS QD, and aminoalkanethiols
linkers. b) UV/Vis spectrum of FMH (black) and UV/Vis (solid lines)
and PL spectra (dashed lines) of QD525 (green), QD565 (orange), and
QD605 (red). A is absorbance, IPL is photoluminescence intensity.
c) Stepwise surface-based assembly of QD–FMH dimers. Steps 1–5
are described in the Experimental Section. Drawing of QDs and FMH
is not to scale.

Figure 2. Single-molecule trajectories of the PL intensity (black) and
lifetime (red) measured from a) QD605 and from dimers b) QD605–
16AHT–FMH, c) QD605–11AUT–FMH, and d) QD605–6AHT–FMH.
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6AHT–FMH, thus indicating an enhanced ET rate and
suppressed ET fluctuation for shorter linkers. As a compar-
ison, a PL lifetime histogram constructed from 50 individual
QDs spincoated on top of a FMH thin film is shown in
Figure 3e, featuring a peak at 20 ns (s ~ 7.6 ns). This partic-
ular histogram is broader than those corresponding to QD–
FMH dimers (Figure 3b–d) but is rather similar to that
observed for QDs coated on TiO2 film.[8b] This result suggests
that the dimer structure significantly reduces the magnitude
of fluctuations of ET between QD and FMH. The inhomo-
geneity of electron transfer in QD–FMH dimers leads to a
distribution of PL lifetimes and ET rates. To quantify the
linker-length effect on electron-transfer rate, we calculated
the intensity-weighted average PL lifetime tav and the ETrate
kET for QD–FMH dimers from the lifetime histograms from
Figure 3b–d (see details in the Supporting Information). We
found that the average ET rate exhibits an exponential
dependence on linker length (Figure 3 f) with an attenuation
coefficient b� 0.1 ��1, calculated from ln kET ¼ ln k0 � bR,
with linker length R. For organic DBA systems with flexible
alkane bridges, bulk measurements in solution yield b

� 0.8 ��1.[13] For QD–FMH dimers, a small value of b may
point towards a complex charge-transfer mechanism.

The electron transfer is influenced not only by the D–A
electronic coupling but also by the driving force (energy-band
offset) between D and A moieties. The unique size-dependent
energy band gap of QDs provides another effective way to
control single-molecule ET in QD–FMH dimers. By decreas-
ing the QD core size from 4.4 to 2.5 nm, the conduction band
is expected to be upshifted by around 0.2 eV,[9] thus resulting
in an increase of the ET driving force. PL lifetime histograms,
each constructed from trajectories corresponding to 50
individual QDs and 50 individual QD–16AHT–FMH dimers
with QDs of different colors (sizes), namely QD605 (core size
4.5 nm), QD565 (3.2 nm), and QD525 (2.5 nm), are shown in

Figure 4a–c. Figure 4d shows the average ET rate versus QD
core size calculated on the basis of the histograms from
Figure 4a–c. The ET rate increases from 2.2 � 107 s�1 for

QD605–16AHT–FMH to 4.9 � 108 s�1 for QD525–16AHT–
FMH, consistent with the size-dependent ET observed from
CdSe QDs to TiO2.

[14] One interesting phenomenon associ-
ated with the size-dependent ET rate is that ET fluctuations
are suppressed in dimers with smaller QD sizes. The standard
deviation of the PL lifetime is 6.7 ns for QD605–16AHT–
FMH, 1.4 ns for QD565–16AHT–FMH, and 0.8 ns for
QD525–16AHT–FMH. This suppression of ET fluctuation
in dimers with smaller QD sizes leads to a stable charge
generation rate, which can have a positive impact on the
application of these dimers in molecular electronics.

To unravel the time scale of ET fluctuations in QD–FMH
dimers, we used a photon-by-photon analysis method capable
of probing single-molecule lifetime dynamics (fluctuations)
over many orders of magnitude, from microseconds to
seconds.[7a, 15] The method computes autocorrelations of PL
lifetimes (ACPLs) for measured single molecules on a
photon-by-photon basis (see details in the Supporting Infor-
mation). Typical ACPLs for a single QD and for a QD–FMH
dimer are shown in Figure 5a, b. They can be roughly
described by single and biexponential decay models, respec-
tively. Fluctuations in the PL lifetime of individual QDs have
been previously explained by invoking a dynamic distribution
of the charge trap state.[12b, 16] The variation in the trap state
not only leads to fluctuations in the nonradiative recombina-
tion rate but also to variations in the QD�s electronic states, as
manifested by spectral diffusion,[17] a phenomenon that could
influence the electron transfer to FMH. Therefore, the long
time decay (over 10 ms) of the ACPLs of the QD and QD–

Figure 3. Histograms of single-molecule PL lifetimes, each constructed
from 50 individual trajectories measured from a) QD605 nanoparti-
cles; from dimers b) QD605–16AHT–FMH, c) QD605–11AUT–FMH,
and d) QD605–6AHT–FMH; and from e) QD605 nanoparticles spin-
coated on an FMH film. f) Electron-transfer rate kET versus linker
length R for QD605–FMH dimers.

Figure 4. Histograms of single-molecule PL lifetimes each constructed
from 50 individual trajectories measured from QDs and QD–FMH
dimers using QDs of different sizes: a) QD605 (red) and QD605–
16AHT–FMH dimer (black); b) QD565 (orange) and QD565–16AHT–
FMH dimer (black); c) QD525 (green) and QD525–16AHT–FMH
dimer (black). d) Electron-transfer rate versus QD size for QD–
16AHT–FMH dimers.
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FMH dimer can be attributed to fluctuations of the charge-
trapping state in QDs, consistent with recent findings that
spectral diffusion dynamics of single QDs is slower than
10 ms.[18] In this assumption, the suppression of ET fluctua-
tions in dimers with smaller QD sizes is understandable,
because these dimers have a larger ET driving force and
hence will be less prone to small fluctuations of the electronic
states of the QD. Compared to a QD, the ACPLs of QD–
FMH dimers exhibit a significant decay before 10 ms. These
fast ET fluctuations might be due to complicated thermally
induced molecular motions, similar to the situation reported
for organic DBA systems.[13, 19] We observed that reducing
linker length in the dimer results in suppression of ET
fluctuations, which indicates that linker motion plays an
important role for defining and controlling the magnitude of
ET fluctuation.

In summary, a series of QD–FMH dimers have been
fabricated by stepwise surface assembly, and photoinduced
ET in these dimers has been investigated by single-molecule
spectroscopy. SMS not only reveals the linker length and QD
size effect on average ET rate but also unveils the static and
dynamic inhomogeneity of ET, which cannot be probed by
ensemble-averaged measurements. Two distinct ET fluctua-
tion regimes have been resolved and attributed to the
variation of the trap state in the QDs and to molecular
motions within dimers. Reducing linker length and QD size
have been found to limit fluctuations of ET in these dimers.
With well-controlled light absorption and ET rate, these
dimers may find applications in miniature and large-area
photovoltaics.

Experimental Section
Chemicals: Carboxy-ended core/shell CdSe/ZnS QDs (QD ITK)
emitting at 605 (QD605), 565 (QD565), and 525 nm (QD525) were
obtained from Invitrogen. Fullerene–malonic acid hexaadduct
(FMH) was synthesized according to the published procedure.[20]

Aminoalkanethiols 16-amino-1-hexadecanethiol hydrochloride, 11-
amino-1-undecanethiol hydrochloride, and 6-amino-1-hexanethiol
hydrochloride were obtained from Dojindo; 1-ethyl-3-(3-dimethyla-
minopropyl)carbodiimide hydrochloride (EDC) and 3-aminopropyl-
trimethoxysilane (APTMS) were obtained from Sigma Aldrich.

Dimer fabrication: The stepwise surface assembly of QD–FMH
dimers included five steps (Figure 1c): 1) coverglass cleaning, 2) sur-
face silanization, 3) FMH coupling, 4) linker coupling, and 5) QD
conjugation. In brief, coverglasses were cleaned by soaking in piranha
solution (30%(v/v) hydrogen peroxide, 70%(v/v) sulfuric acid) for

15 min and then thoroughly rinsed with deionized water. After drying
with nitrogen gas, coverglasses were placed in a dessicator together
with 20 mL APTMS under vacuum (20 kPa) for 15–120 min with
subsequent heat treatment (90 8C) for one hour.[21] The amine-
modified coverglasses were then covered by 100 mL mixed aqueous
solution of the FMH (0.04 mgmL�1) and EDC (5 mgmL�1) and
incubated for 30 min. The surface of the glass slides was further
treated by 100 mL mixed aqueous solutions of EDC (5 mgmL�1) and
different aminoalkanethiols (0.01 mgmL�1) for 30 min. In a final step,
the glass surface was treated with diluted QD solution (0.5 nm) for
1 min. Following each of the last three steps, the coverglasses were
thoroughly rinsed with deionized water to remove excess chemicals.

Characterization: SMS was performed on a home-built confocal
scanning-stage fluorescence microscope (Olympus IX81) coupled
with a laser system delivering 460 nm pulses at 8 mhz repetition rate
(frequency-doubled, pulsed-picked Ti:Sapphire laser, Tsunami Spec-
tra-Physics). The laser beam was then reflected by a dichroic mirror
(Di01-R442, Semrock) and focused on the sample by a 100 � , 1.4 NA
oil objective lens (Olympus). Fluorescence was collected by the same
objective lens, filtered from excitation by the dichroic mirror and a
band-pass filter (FF01-583/120, Semrock), spatially filtered by a
75 mm pinhole, and focused on a single-photon-counting avalanche
photodiode (APD). The signal from the APD was measured by a time
analyzer (PicoHarp 300, PicoQuant). PL intensity and lifetime
trajectories were recorded using the time-tagged time-resolved
mode, each trajectory for 60 seconds. Lifetimes were calculated
from decays of 1000 total photons by the maximum likelihood
estimation method.[7b]
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