
629

Horizontal versus vertical charge and energy transfer
in hybrid assemblies of semiconductor nanoparticles

Gilad Gotesman, Rahamim Guliamov and Ron Naaman*

Full Research Paper Open Access

Address:
Department of Chemical Physics, The Weizmann Institute of Science,
Rehovot 76100, Israel

Email:
Ron Naaman* - ron.naaman@weizmann.ac.il

* Corresponding author

Keywords:
charge transfer; energy transfer; nanoparticles; organic linker;
quantum dots

Beilstein J. Nanotechnol. 2012, 3, 629–636.
doi:10.3762/bjnano.3.72

Received: 27 March 2012
Accepted: 24 August 2012
Published: 06 September 2012

Associate Editor: P. Leiderer

© 2012 Gotesman et al; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
We studied the photoluminescence and time-resolved photoluminescence from self-assembled bilayers of donor and acceptor

nanoparticles (NPs) adsorbed on a quartz substrate through organic linkers. Charge and energy transfer processes within the assem-

blies were investigated as a function of the length of the dithiolated linker (DT) between the donors and acceptors. We found an

unusual linker-length-dependency in the emission of the donors. This dependency may be explained by charge and energy transfer

processes in the vertical direction (from the donors to the acceptors) that depend strongly on charge transfer processes occurring in

the horizontal plane (within the monolayer of the acceptor), namely, parallel to the substrate.
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Introduction
Self-assembled structures of semiconductor nanoparticles (NPs)

are viewed as a possible avenue for producing photovoltaic

devices with efficient collection of light and charge separation

processes [1]. Such structures can be produced by self-assembly

of the NPs in a multilayer arrangement, by applying organic

molecules as linkers. This concept enables high coverage and

uniformity of the NP monolayers [2,3]. In all these types of

devices, their performance is critically dependent on the ability

to transfer charge and energy in the vertical direction, namely,

normal to the substrate. Here we present evidence that charge

and energy transfer processes in the vertical direction may

strongly depend on charge transfer processes occurring in the

horizontal plane, namely, parallel to the substrate. As a result,

surprising distance-dependent transfer rates from the donors to

the acceptors were observed, in which the transfer rate increases

with the donor–acceptor distance.

The electron-transfer process in such hybrid organic–inorganic

devices depends of course on the NPs, but also on the linker

molecules [4]. Recently, many studies involving charge transfer

through semiconductor NPs have been performed. Photoin-

duced charge transfer from NPs to organic dyes [5,6] and to
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conductive polymers [7,8] has been reported. Light-detectors

and solar cells, based on NPs, employing carbon nanotubes [9],

GaAs [10], or TiO2 devices [11,12] as the conductive

substrates, have also been reported. Long-range resonance

energy transfer was shown in mixtures of donor and acceptor

close-packed arrays of NPs (quantum dot solids, QDS) [13-15].

Furthermore, studies on multilayered NP arrays, prepared by

layer-by-layer electrostatic assembly (LBL) or Langmuir–Blod-

gett (LB) techniques, showed that the NPs funnel the absorbed

energy from larger bandgap NPs to smaller ones [16-21].

Buhbut et al. even used NPs as nano-antennas in dye-sensitized

solar cells. The NPs transfer the absorbed light (energy transfer)

to the organic dye and thereby increase the absorption proba-

bility of the device [22]. Each transfer mechanism, charge or

energy transfer, has a typical rate dependency on the distance

between the donors and the acceptors. Therefore, distance-

dependent studies enable one to reveal the type of transfer

process. Wu et al. studied charge separation in type-II hetero-

junction assemblies of CdSe–CdTe NPs as a function of linker

length [23]. They found that for longer linkers, the charge

transfer efficiency is smaller. In another study, photogenerated

exciton dissociation in PbS NP thin films was investigated

when the NPs were linked by different linkers [24]. The linker

length and the transfer rate were correlated, indicating tunneling

charge transfer mechanisms at short distances and dipole–dipole

energy transfer mechanisms at longer distances. In other

studies, photoluminescence (PL) and PL-lifetime measure-

ments of donor–acceptor NP bilayers, separated by polyelec-

trolyte layers, revealed that the energy transfer rate is inversely

related to the distance. This is consistent with Förster’s theory

for the dipole–dipole energy transfer mechanism in the

donor–acceptor bilayers [25,26].

In the present study, we applied PL and PL-lifetime measure-

ments to investigate charge and energy transfer processes in

hybrid self-assembled bilayer structures of donor and acceptor

semiconductor NPs bound through organic linkers (Figure 1a).

This system is different from the QDS, LB and LBL systems,

which were studied previously, since when the linkers are

adsorbed, they may attach and couple neighboring NPs both

horizontally and vertically. Other experiments, which were

previously performed on similar assemblies of self-assembled

NPs bilayers, were carried out with type-I core-shell NPs. In

these NPs, the charges are localized in the core of the NP, due

to the shell barrier, and only energy transfer processes are

possible within the assemblies [20,27]. By using core-only NPs

and linkers of different lengths, we found that the linkers

strongly couple the acceptor NPs among themselves and enable

charge transfer processes within the first layer. This coupling is

dependent on the linker length and it may affect dramatically

the energy transfer processes in the bilayer system containing

donors and acceptors. We suggest a model that provides a

possible explanation for the observed results.

Figure 1: (a) A scheme of the investigated systems in which large
CdSe NPs (acceptors) were assembled on quartz substrates by
mercaptosilane monolayers. Dithiols of various lengths (CnDT) were
then adsorbed on the first layer of the NPs followed by adsorption of a
second layer of small CdSe NPs (donors). (b) SEM image of an
acceptor NPs monolayer adsorbed on a Si/SiO2 substrate.

Experimental
The NP assemblies were prepared as described previously [4].

Briefly, a monolayer of (3-mercaptopropyl)trimethoxysilane

was self-assembled on quartz (Qz, fused silica) substrates. Next,

a monolayer of core-only CdSe NPs (~6.3 nm diameter, emis-

sion peak at 641 nm) was attached to the thiol tail group of the

assembled molecules. The samples were then dipped into solu-

tions of dithiolated alkyl molecules (CnDT) of various lengths.

The organic molecules serve as linkers to which a second layer

of NPs is attached. The linkers used were 1,3-propanedithiol

(C3DT), 1,6-hexanedithiol (C6DT), 1,8-octanedithiol (C8DT),

and 1,10-decanedithiol (C10DT). Control experiments were

performed with molecules of the same lengths but with only one

thiol group. These molecules will be denoted as monothiols

(MT, e.g., C6MT for 1-hexanethiol). To form the second layer

of NPs, the samples were immersed in a solution of smaller

CdSe NPs (≈3.5 nm diameter, emission peak at 580 nm). Since

charge and energy transfer processes are expected to occur from

the small NPs (larger band gap) to the large ones (smaller band

gap), we denoted the small and large NPs as donors and accep-

tors, respectively. Very dense monolayers of acceptor NPs were

formed on the Qz substrate (see the SEM images in Figure 1b

and Figure S3 in the Supporting Information File 1). However,

the NPs are not evenly distributed over the entire surface;

instead they form small clusters of about 10 NPs per cluster.

Within each cluster the NPs are packed together. For more

detailed experimental procedures please see Supporting Infor-

mation File 1.

Results and Discussion
The effect of the adsorption of thiolated molecules (MT and

DT) of various lengths on the PL intensity of the NP mono-

layers bound directly to the surface (referred to as the

“acceptor” layer) is shown in Figure 2a. The PL measurements

were performed at room temperature. The inset of Figure 2a
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Figure 2: (a) PL spectra of acceptor NP monolayers at 300 K when covered with MT (dashed) or DT (solid) molecules of various lengths (C3-green,
C6-blue, C8-cyan, C10-magenta). The inset shows the quenching of the untreated monolayer (red) upon the adsorption of the thiols. (b) PL spectra of
acceptor NPs only (dotted) at 15 K covered with DT molecules of various lengths (C3DT-green, C6DT-blue, and C10DT-magenta) and spectra of
donor–acceptor NP bilayers (solid) with the same linker molecules.

reveals an efficient PL quenching, resulting from the adsorp-

tion of the thiolated molecules in comparison with an untreated

sample. MT linkers were found to quench the PL signal by

about 75%, and the quenching was independent of the linker

length. This effect is well known for CdSe NPs; it results from

the formation of surface traps owing to the thiol binding [28-

31]. The PL quenching, which is independent of the MT length,

indicates that the number of traps is the same for all linkers, and

hence, the number of adsorbed molecules per particle is inde-

pendent of the length of the linker. The adsorption of DT linkers

resulted in more efficient quenching of the PL and was found to

inversely correlate with the length of the linker: the shorter the

linker, the larger the quenching effect. For example, quenching

of approximately 95% was observed for the C3DT linker,

whereas the quenching due to C10DT was about 85%. PL-life-

time measurements, which were performed at 15 K, revealed

shortening in the lifetime of the acceptors upon adsorption of

the various DT linkers.

We propose that the observed linker-dependent quenching for

DT arises from cross-linking of the NPs within the layer and

thereby facilitates charge transfer within the adsorbed mono-

layers of acceptor NPs in the horizontal plane. The energy

transfer process, within the layer of the large NPs, probably

takes place due to close packing of the NPs in the assembly

process. This effect can be appreciated by the narrowing of the

PL peak when comparing emission of the NPs in solution and in

monolayer (Figure S5a, Supporting Information File 1).

However, energy transfer alone cannot explain the observed

linker-length-dependent quenching, since the energy transfer

process depends on the distance between the NPs but not on the

linker length (based on SEM images before and after the linker

adsorption we assume that the NPs are fixed to the substrate and

cannot move). It is also expected that with energy transfer, the

PL will be red-shifted, and this shift, following the linker

adsorption, has not been observed (Figure S5b, Supporting

Information File 1). The charge transfer process (electron–hole

separation) across the NP layers may occur because of slight

differences in the NP sizes, which result in variations in the

energy band gaps. This is a tunneling-based effect; therefore, it

strongly depends on the length of the linker (as seen in

Figure 2a). Dithiolated-linker length-dependent PL and PL-life-

time quenching, owing to charge separation within the NPs

layer, was reported previously for PbS NP thin films [24].

To validate this effect, we studied NP monolayers having

different coverage; the monolayers were covered with MT or

DT linkers (Figure S4, Supporting Information File 1). Whereas

for the highest coverage the NPs are almost in contact, for the

lowest coverage the NPs are more separated, and the proba-

bility of adjacent NPs being linked within the layer decreases.

Indeed, the PL results show that in the samples having the

lowest coverage there is a minor difference between the effect

of the MT and the DT, whereas in those with the highest

coverage there is a large difference, as presented in Figure 2.

These results confirm that an extra PL quenching mechanism is

introduced by the adsorption of the DT linkers. This occurs

most probably due to coupling between the NPs across the layer

and the induction of charge transfer process between the NPs,

when electrons are transferred from the relatively smaller NPs

to those that are slightly larger.

For modeling the changes in PL from the DT-linked acceptor

layer, we assume that kAA (the charge separation rate in the
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acceptor layer, i.e., the layer bound directly to the substrate) is a

function of the probability of finding a neighbor NP in the 2D

layer, which increases with the area surrounding each particle,

and of the tunneling-decay probability of charge transfer.

Hence, the rate has the form:

(1)

where r is the distance in angstrom and β is the effective

tunneling decay coefficient in [angstrom]−1 (Supporting Infor-

mation File 1). The PL from the acceptors should be inversely

proportional to the charge separation rate in the acceptors layer.

(2)

Hence, we fit the normalized maximum PL peak intensity of the

DT-covered acceptor-NP monolayers as a function of the linker

length (r) according to Equation 2. The fit is excellent (red

dashed curve in Figure 4) and yields β of 0.42 [Å]−1. The value

of the effective β is smaller than expected for alkyl chains

(β ≈ 1 [Å]−1) and may indicate that the NPs are linked with

several molecules in parallel. Since the PL signal is given in

arbitrary units and since we are interested only in the ratio

between signals, the absolute values of the other fitting parame-

ters are meaningless. However, the fit provides two important

insights. It indicates that the functional form of Equation 2 is

consistent with the distance-dependent behavior and it provides

the value for β.

The PL spectra, measured from various assemblies at 15 K, are

shown in Figure 2b. The dotted curves are the PL spectra from

the monolayers of the acceptors covered by DT linkers. The

linker-length-dependent quenching trend is consistent with that

measured at room temperature. When a layer of donor NPs is

adsorbed on the layer of DT-covered acceptors, a new PL peak

at the wavelength of the donors appears (≈560 nm) and the PL

of the acceptor layer increases. The ratios of the area under the

PL peak of the acceptors, with and without the donor layer, for

the different DT linkers were equal. Furthermore, the intensity

of the PL from the acceptors, when energy is transferred from

the donors, follows the same linker dependency as observed for

the acceptor layer alone.

It is well documented that the PL-lifetime of semiconductor

NPs increases with decreasing temperature owing to less effi-

cient electron–phonon coupling and to the emission from "dark

states" [27,32,33]. In order to observe significant changes in the

PL lifetime, as a result of charge and energy transfer, our

measurements were performed at 15 K, with monitoring of the

maximum of the PL peak. The data (dotted curves) was

analyzed by a triple-exponential decay model, and by average

lifetimes, which is a common practice [22,23,27,34]. This

allows qualitative comparison of PL-decay profiles of the

different assemblies. The fitting follows Equation 3 (solid line)

(3)

where τi are the decay constants and Ai are the pre-exponential

parameters. The average lifetime for each sample (<τ>) was

calculated by Equation 4.

(4)

Figure 3 presents the PL-lifetime from the acceptor and the

donor NPs in the bilayer samples as compared with a mono-

layer of acceptor or donor NPs only. The adsorption of the

donor NP layer hardly changed the PL-lifetime of the acceptors

for the bilayers with C3DT linkers (Figure 3a). However, for

longer linkers, lengthening of the PL-lifetime was observed,

which indicates that energy transfer processes took place. Based

on absorption spectra and SEM images of the different samples

(Supporting Information File 1), we concluded that the amount

of donor NPs is almost equal in all samples and therefore the

observed effects are not due to variations in the concentrations

of the NPs. From Figure 3b it is evident that the presence of the

layer of acceptors shortens the lifetime of the donors. However,

surprisingly, the longer the linker, the shorter is the lifetime.

Certainly, the observed linker-length dependency is counterin-

tuitive.

The theoretical distance (r)-dependent transfer rates for energy

and charge transfer, in donor–acceptor systems, are well known

[19,35-38]. The energy transfer rate, kET, in the case of the

Förster mechanism (also referred to as FRET-dipole–dipole

interaction), is known to follow the relation  for

layered systems, and the charge transfer rate decays exponen-

tially with the distance, for short distances up to about a few

angstroms. When both electron and hole are being transferred

simultaneously, the process is regarded as energy transfer of an

exciton by the Dexter mechanism [39]. Hence, the Dexter

transfer rate is proportional to the simultaneous tunneling of

electrons and holes. The main differences between the Förster

and Dexter mechanisms is that the Dexter mechanism demands

an orbital overlap, between the donor and acceptor, besides a
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Figure 3: PL-lifetime measurements at 15 K of acceptor (a) and donor (b) NPs in the bilayer assemblies with various DT linkers (C3DT-green, C6DT-
blue, and C10DT-magenta). The red curves represent control experiments of the PL-lifetime of a single NP monolayer of acceptors or donors, respect-
ively. The lifetime of the acceptors coated with all types of DT is the same for all the linkers and is presented as a gray (dot–dash) curve in (a). We do
not observe any change in the lifetime of the DT coated acceptor, since it is beyond the time resolution of the measuring setup. The dotted curves are
the raw data and the solid ones are the three exponential fittings. The system response at the laser wavelength (460 nm) is represented by the dotted
black curve. The intensities were normalized.

spectral overlap [7,40,41]. The second difference is that while

FRET is a long-range transfer mechanism, the Dexter mecha-

nism efficiency decays exponentially as a function of distance,

and it is a short-range mechanism.

The donor–acceptor transfer rates in the bilayer assemblies were

calculated, as in previous works, by using Equation 5 for each

DT linker [27,42].

(5)

where <τD–A> and <τD> are the average lifetimes of the donors

in the bilayer with a layer of acceptors and a monolayer with no

acceptors, respectively.

The energy transfer rate constants between the donors and

acceptors (D–A) versus their distances are presented in Figure 4

and are compared with the normalized PL intensity of the

acceptors alone in the monolayer, following the adsorption of

the dithiols. We assume that the distance between the donor and

acceptor NPs is the same as the theoretical length of the linkers

(for the distance calculation, see Supporting Information File 1).

The results indicate that the donor–acceptor transfer rate

increases with the length of the DT linking molecules (i.e., the

donor–acceptor distance). This contradicts the expected dis-

tance dependency. It was previously shown that the concentra-

tion affects the energy transfer efficiency in NP bilayers only

below an acceptor/donor concentration ratio of 1:1. Above this

ratio, the energy transfer efficiency reaches a maximum and

hardly depends on the concentration [26,43]. Our assemblies

Figure 4: Energy transfer rates in the donor–acceptor NP bilayer
(black) and normalized PL intensity from monolayers of acceptor NPs
covered with various DT linkers (red) as a function of the linker length.
The dashed red curve is the fit of the acceptor PL data to Equation 2
(β = 0.42 Å−1, with a coefficient of determination of: R2 = 0.99991 and
a confidence level of parameters of 95%).

have an acceptor/donor concentration ratio above one (since the

adsorption efficiency of the second layer is lower) and there-

fore they are not expected to exhibit concentration effects.

In addition, absorption spectra and SEM results indicate

that the concentration ratio is about the same for all bilayers

(Supporting Information File 1).

Another possible explanation for the observed trend is that the

number of thiols that bind to each donor NP depends on the

length of the molecule. To test this idea, we conducted a control
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experiment in which we used donor NPs of the same size as

before but with a different capping ligand. The ligand in this

case was tetradecyl phosphonic acid (TDPA), which binds more

strongly to the NP surface [44]. We assumed that if the number

of linkers that bind to the top NP induces an effect, it will be

influenced by the probability to bind to these NPs. Here, with

the TDPA capping on the donor NPs, it is much harder to

replace the original capping by a thiol bond [44]. Therefore, a

different length dependence of the quenching process is

expected. However, the PL-lifetime trend from these assem-

blies was similar to the one presented in Figure 3 (Supporting

Information File 1). It is important to realize that in the two

cases the linker-length-dependent trend in lifetimes is the same,

although the values are somewhat different, probably due to

differences in the particles concentration. Therefore, we

conclude that the observed effect is not due to a different

number of thiols bound to each donor.

Hence, there must be another rate-determining parameter

besides distance, concentration, or the number of binding

groups, which controls the vertical transfer processes. It is also

evident from Figure 4 that the trend regarding the change in the

transfer rate, as a function of the linker length, follows the trend

of the normalized PL intensity dependence on the DT length, in

the DT-covered acceptor monolayer. As was indicated above,

this linker-dependent quenching is probably caused by coupling

of the acceptor NPs among themselves through the DT linkers,

enabling horizontal charge transfer within the layer.

Scheme 1 depicts a model that rationalizes the unusual observa-

tions. This model is based on the assumption that the acceptors

are coupled to each other by the DT linkers. This coupling

allows charge transfer across the layer and is stronger for the

shorter DT. This charge transfer process results in part of the

acceptors being charged, until charge recombination occurs. As

long as these NPs are charged, the charge or exciton transfer (in

the Dexter mechanism the electron and hole are transferred

simultaneously) is less efficient to them due to the Columbic

repulsion, which results in a reduction in the overlap of the

wave functions of the donor and the charged NP. However, the

transiently charged NPs can accept energy in the Förster mecha-

nism (dipole–dipole interaction). It is important to realize that

due to the charged acceptor, the barrier for hole transfer

increases, and as a result the entire exciton transfer becomes

less efficient. Hence, the rate of the charge transfer, between the

donors and the acceptors, depends on the number of acceptor

NPs that remain in their ground state uncharged. This number

of ground-state acceptors depends inversely on the coupling

efficiency of the DT linkers, which decreases with an increase

of the linker length. Hence, the donor–acceptor energy transfer

rates increase with the donor–acceptor distance.

Scheme 1: NPs Bilayer composed of donor NPs (green) adsorbed on
acceptor NPs (red) through DT linkers of length (r). The linkers
connect the NPs at the top layer to the bottom layer, as well as
connecting the NPs within the bottom layer itself. Absorption and PL
rates (kAbs, kPL, respectively) are defined for each NP layer, alongside
the horizontal charge separation rate in the acceptor layer (kA–A) and
the vertical donor-acceptor transfer rate (kD–A).

The fact that the donor–acceptor transfer rate (kDA) follows

exactly the acceptors PL quenching trend (Figure 4) implies the

relation:

(6)

Therefore we conclude that these two processes are competing

and that the charge separation process is a rate-determining step

for the donor–acceptor transfer process.

Conclusion
In summary, distance-dependent charge and energy transfer

studies in self-assembled bilayers of acceptors and donors of

CdSe NPs, linked through DT molecules, were performed by

PL and PL-lifetime techniques. Importantly, we found that the

PL of the acceptor NPs layer is quenched following the adsorp-

tion of the DT linkers and that the quenching depends on the

linker length. The shorter the linker, the more efficient is the

quenching. This quenching is caused, most probably, by charge

transfer among the acceptor NPs in the layer (horizontally)

mediated by the DT linkers. The donor–acceptor energy transfer

rates in the bilayer samples (vertically) increased when the

linker length increased. This trend is opposite to that predicted

theoretically for distance-dependent charge or energy transfer.

In considering the observed trends, we present a model that

suggests that the donor–acceptor transfer rate can be explained

as being controlled by the ability of the acceptors to accept

energy from the donors. Namely, only acceptors in the ground

state are able to receive excitons from the donors. Therefore,

this ability is controlled by the interactions among the acceptor

NPs that are coupled through the DT molecules. The observed

results indicate that here the energy transfer process probably
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occurs by the Dexter mechanism, since the Förster mechanism

alone cannot explain the observed trends. The surprising find-

ings presented here are very important for designing future self-

assembled NP devices. We demonstrated that in addition to

their structural role as assembly agents, the linker molecules

play a key role in defining the photophysical properties of the

system.

Supporting Information
Supporting Information File 1
Experimental procedures, UV–vis spectra, SEM images,

PL-lifetime data, and the model development equations.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-3-72-S1.pdf]

Acknowledgements
The authors wish to thank Stella Itzhakov and Dr. Dan Oron for

preparing the NPs and for fruitful discussions and Dr. Eyal

Capua and Alon Henson for developing the mercaptosilane

adsorption procedure. The electron microscopy studies were

conducted at the Irving and Cherna Moskowitz Center for Nano

and Bio-Nano Imaging at the Weizmann Institute of Science.

This work was partially supported by the USDOE (Grant No.

ER46430) and by the Grand Center for Sensors and Security.

References
1. Kamat, P. V. J. Phys. Chem. C 2008, 112, 18737–18753.

doi:10.1021/jp806791s
2. Pacifico, J.; Jasieniak, J.; Gómez, D. E.; Mulvaney, P. Small 2006, 2,

199–203. doi:10.1002/smll.200500226
3. Gotesman, G.; Waldeck, D. H.; Naaman, R. J. Phys. Chem. A 2009,

113, 7213–7217. doi:10.1021/jp808803v
4. Gotesman, G.; Naaman, R. J. Phys. Chem. Lett. 2010, 1, 594–598.

doi:10.1021/jz9003735
5. Sykora, M.; Petruska, M. A.; Alstrum-Acevedo, J.; Bezel, I.;

Meyer, T. J.; Klimov, V. I. J. Am. Chem. Soc. 2006, 128, 9984–9985.
doi:10.1021/ja061556a

6. Sharma, S. N.; Pillai, Z. S.; Kamat, P. V. J. Phys. Chem. B 2003, 107,
10088–10093. doi:10.1021/jp034109f

7. Lutich, A. A.; Jiang, G.; Susha, A. S.; Rogach, A. L.; Stefani, F. D.;
Feldmann, J. Nano Lett. 2009, 9, 2636–2640. doi:10.1021/nl900978a

8. Selmarten, D.; Jones, M.; Rumbles, G.; Yu, P.; Nedeljkovic, J.;
Shaheen, S. J. Phys. Chem. B 2005, 109, 15927–15932.
doi:10.1021/jp0515479

9. Hu, L.; Zhao, Y.-L.; Ryu, K.; Zhou, C.; Stoddart, J. F.; Grüner, G.
Adv. Mater. 2008, 20, 939–946. doi:10.1002/adma.200701125

10. Aqua, T.; Naaman, R.; Aharoni, A.; Banin, U.; Paltiel, Y.
Appl. Phys. Lett. 2008, 92, 223112. doi:10.1063/1.2940230

11. Mora-Seró, I.; Bisquert, J. J. Phys. Chem. Lett. 2010, 1, 3046–3052.
doi:10.1021/jz100863b

12. Bang, J. H.; Kamat, P. V. ACS Nano 2009, 3, 1467–1476.
doi:10.1021/nn900324q

13. Kagan, C. R.; Murray, C. B.; Nirmal, M.; Bawendi, M. G.
Phys. Rev. Lett. 1996, 76, 1517–1520.
doi:10.1103/PhysRevLett.76.1517

14. Kagan, C. R.; Murray, C. B.; Bawendi, M. G. Phys. Rev. B 1996, 54,
8633–8643. doi:10.1103/PhysRevB.54.8633

15. Mićić, O. I.; Jones, K. M.; Cahill, A.; Nozik, A. J. J. Phys. Chem. B
1998, 102, 9791–9796. doi:10.1021/jp981703u

16. Franzl, T.; Klar, T. A.; Schietinger, S.; Rogach, A. L.; Feldmann, J.
Nano Lett. 2004, 4, 1599–1603. doi:10.1021/nl049322h

17. Franzl, T.; Koktysh, D. S.; Klar, T. A.; Rogach, A. L.; Feldmann, J.;
Gaponik, N. Appl. Phys. Lett. 2004, 84, 2904–2906.
doi:10.1063/1.1702136

18. Achermann, M.; Petruska, M. A.; Crooker, S. A.; Klimov, V. I.
J. Phys. Chem. B 2003, 107, 13782–13787. doi:10.1021/jp036497r

19. Rogach, A. L.; Klar, T. A.; Lupton, J. M.; Meijerink, A.; Feldmann, J.
J. Mater. Chem. 2009, 19, 1208–1221. doi:10.1039/b812884g

20. Crooker, S. A.; Hollingsworth, J. A.; Tretiak, S.; Klimov, V. I.
Phys. Rev. Lett. 2002, 89, 186802.
doi:10.1103/PhysRevLett.89.186802

21. Naruse, M.; Runge, E.; Kobayashi, K.; Ohtsu, M. Phys. Rev. B 2010,
82, 125417. doi:10.1103/PhysRevB.82.125417

22. Buhbut, S.; Itzhakov, S.; Tauber, E.; Shalom, M.; Hod, I.; Geiger, T.;
Garini, Y.; Oron, D.; Zaban, A. ACS Nano 2010, 4, 1293–1298.
doi:10.1021/nn100021b

23. Wu, M.; Mukherjee, P.; Lamont, D. N.; Waldeck, D. H.
J. Phys. Chem. C 2010, 114, 5751–5759. doi:10.1021/jp9098667

24. Choi, J. J.; Luria, J.; Hyun, B.-R.; Bartnik, A. C.; Sun, L.; Lim, Y.-F.;
Marohn, J. A.; Wise, F. W.; Hanrath, T. Nano Lett. 2010, 10,
1805–1811. doi:10.1021/nl100498e

25. Kim, D. G.; Okahara, S.; Nakayama, M.; Shim, Y. G. Phys. Rev. B
2008, 78, 153301. doi:10.1103/PhysRevB.78.153301

26. Lunz, M.; Bradley, A. L.; Chen, W.-Y.; Gun’ko, Y. K.
Superlattices Microstruct. 2010, 47, 98–102.
doi:10.1016/j.spmi.2009.06.011

27. Kim, D. G.; Okazaki, K.; Nakayama, M. Phys. Rev. B 2009, 80,
045322. doi:10.1103/PhysRevB.80.045322

28. Xie, Z.; Markus, T. Z.; Gotesman, G.; Deutsch, Z.; Oron, D.;
Naaman, R. ACS Nano 2011, 5, 863–869. doi:10.1021/nn102002x

29. Bullen, C.; Mulvaney, P. Langmuir 2006, 22, 3007–3013.
doi:10.1021/la051898e

30. Wuister, S. F.; de Mello Donegá, C.; Meijerink, A. J. Phys. Chem. B
2004, 108, 17393–17397. doi:10.1021/jp047078c

31. Liu, I.-S.; Lo, H.-H.; Chien, C.-T.; Lin, Y.-Y.; Chen, C.-W.; Chen, Y.-F.;
Su, W.-F.; Liou, S.-C. J. Mater. Chem. 2008, 18, 675–682.
doi:10.1039/b715253a

32. Wuister, S. F.; Koole, R.; de Mello Donegá, C.; Meijerink, A.
J. Phys. Chem. B 2005, 109, 5504–5508. doi:10.1021/jp0447688

33. Nirmal, M.; Norris, D. J.; Kuno, M.; Bawendi, M. G.; Efros, A. L.;
Rosen, M. Phys. Rev. Lett. 1995, 75, 3728–3731.
doi:10.1103/PhysRevLett.75.3728

34. James, D. R.; Liu, Y.-S.; De Mayo, P.; Ware, W. R. Chem. Phys. Lett.
1985, 120, 460–465. doi:10.1016/0009-2614(85)85641-4

35. Förster, T. Discuss. Faraday Soc. 1959, 27, 7–17.
doi:10.1039/df9592700007

36. Somers, R. C.; Bawendi, M. G.; Nocera, D. G. Chem. Soc. Rev. 2007,
36, 579–591. doi:10.1039/b517613c

37. Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265–322.
doi:10.1016/0304-4173(85)90014-X

http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-3-72-S1.pdf
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-3-72-S1.pdf
http://dx.doi.org/10.1021%2Fjp806791s
http://dx.doi.org/10.1002%2Fsmll.200500226
http://dx.doi.org/10.1021%2Fjp808803v
http://dx.doi.org/10.1021%2Fjz9003735
http://dx.doi.org/10.1021%2Fja061556a
http://dx.doi.org/10.1021%2Fjp034109f
http://dx.doi.org/10.1021%2Fnl900978a
http://dx.doi.org/10.1021%2Fjp0515479
http://dx.doi.org/10.1002%2Fadma.200701125
http://dx.doi.org/10.1063%2F1.2940230
http://dx.doi.org/10.1021%2Fjz100863b
http://dx.doi.org/10.1021%2Fnn900324q
http://dx.doi.org/10.1103%2FPhysRevLett.76.1517
http://dx.doi.org/10.1103%2FPhysRevB.54.8633
http://dx.doi.org/10.1021%2Fjp981703u
http://dx.doi.org/10.1021%2Fnl049322h
http://dx.doi.org/10.1063%2F1.1702136
http://dx.doi.org/10.1021%2Fjp036497r
http://dx.doi.org/10.1039%2Fb812884g
http://dx.doi.org/10.1103%2FPhysRevLett.89.186802
http://dx.doi.org/10.1103%2FPhysRevB.82.125417
http://dx.doi.org/10.1021%2Fnn100021b
http://dx.doi.org/10.1021%2Fjp9098667
http://dx.doi.org/10.1021%2Fnl100498e
http://dx.doi.org/10.1103%2FPhysRevB.78.153301
http://dx.doi.org/10.1016%2Fj.spmi.2009.06.011
http://dx.doi.org/10.1103%2FPhysRevB.80.045322
http://dx.doi.org/10.1021%2Fnn102002x
http://dx.doi.org/10.1021%2Fla051898e
http://dx.doi.org/10.1021%2Fjp047078c
http://dx.doi.org/10.1039%2Fb715253a
http://dx.doi.org/10.1021%2Fjp0447688
http://dx.doi.org/10.1103%2FPhysRevLett.75.3728
http://dx.doi.org/10.1016%2F0009-2614%2885%2985641-4
http://dx.doi.org/10.1039%2Fdf9592700007
http://dx.doi.org/10.1039%2Fb517613c
http://dx.doi.org/10.1016%2F0304-4173%2885%2990014-X


Beilstein J. Nanotechnol. 2012, 3, 629–636.

636

38. Jortner, J.; Bixon, M.; Langenbacher, T.; Michel-Beyerle, M. E.
Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 12759–12765.
doi:10.1073/pnas.95.22.12759

39. Dexter, D. L. J. Chem. Phys. 1953, 21, 836–850.
doi:10.1063/1.1699044

40. Olaya-Castro, A.; Scholes, G. D. Int. Rev. Phys. Chem. 2011, 30,
49–77. doi:10.1080/0144235X.2010.537060

41. Zhang, Y.; Xu, Z. Appl. Phys. Lett. 2008, 93, 083106.
doi:10.1063/1.2975847

42. Bang, J. H.; Kamat, P. V. ACS Nano 2009, 3, 1467–1476.
doi:10.1021/nn900324q

43. Lunz, M.; Bradley, A. L.; Chen, W. Y.; Gun'ko, Y. K. J. Phys. Chem. C
2009, 113, 3084–3088. doi:10.1021/jp8087034

44. Gomes, R.; Hassinen, A.; Szczygiel, A.; Zhao, Q.; Vantomme, A.;
Martins, J. C.; Hens, Z. J. Phys. Chem. Lett. 2011, 2, 145–152.
doi:10.1021/jz1016729

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.3.72

http://dx.doi.org/10.1073%2Fpnas.95.22.12759
http://dx.doi.org/10.1063%2F1.1699044
http://dx.doi.org/10.1080%2F0144235X.2010.537060
http://dx.doi.org/10.1063%2F1.2975847
http://dx.doi.org/10.1021%2Fnn900324q
http://dx.doi.org/10.1021%2Fjp8087034
http://dx.doi.org/10.1021%2Fjz1016729
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.3.72

	Abstract
	Introduction
	Experimental
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References

