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Abstract: The design of large-scale colloidal quantum dots (QDs) assemblies and the investigation 

of their interaction with their close environment are of great interest for improving QD-based 

optoelectronic devices' performances. Understanding the interaction mechanisms taking place 

when only a few QDs are assembled at a short interparticle distance is relevant to better promote 

the charge or energy transfer processes. Here, small hetero-assemblies formed of a few CdSe QDs 

of two different sizes, connected by alkyl dithiols, are fabricated in solution. The interparticle 

distance is tuned by varying the linear alkyl chain length of the bifunctional spacer from nanometer 

to sub-nanometer range. The crystallographic analysis highlights that the nearest surfaces involved 

in the linkage between the QDs are the (101) faces. The thorough spectroscopic investigation 

enables a sound rationalization of the coupling mechanism between the interacting nanoparticles, 

ranging from charge transfer/wavefunction delocalization to energy transfer, depending on their 

separation distance. 

Keywords: Colloidal Quantum Dots; Hetero-assembly; Dithiol, Time-resolved Photoluminescence, 

Coupling; Wavefunction Delocalization;  

Highlights: 

• Molecular assemblies of Quantum Dots (QD) are prepared in solution, linked by dithiols. 

• The interparticle distances are tuned by varying the linear alkyl chain length of the dithiols 

from nanometer to sub-nanometer range. 

• The crystallographic analysis highlights that the (101) faces of the QDs play an important role 

in the linkage. 

• The hetero-assemblies are spectroscopically investigated in solution and compared with the 

homolog homo-assemblies. 

• QD coupling is governed by the interparticle distance, the QD size, and the mutual energetic 

levels arrangement. 

  



1.  Introduction 

In the last few years, a great scientific effort has been made to deeply understand the coupling 

mechanisms among colloidal quantum dots (QDs) interacting with each other when spaced at 

nanometric and sub-nanometric distances.[1-9] The elucidation of the interaction mechanisms 

among the QDs both in solution and in solid-state can open the opportunity to realize highly efficient 

charge transfer systems for optoelectronic devices and take a jump towards new fancy applications 

like quantum computing,[2, 3, 10] spintronic devices,[11] biosensors,[12, 13] solar cells[14, 15] and chiral-

induced spin selectivity effect.[16] In these applications, the surface chemistry of the QDs, often 

controlled by the ligands,[17] plays a key role and an adequate understanding of the type of coupling 

involved that takes also in consideration the role of the organic capping layer is needed. Classically, 

when nanoparticles interact, two main mechanisms can be distinguished, namely a pure charge 

transfer that can be modeled by Dexter’s theory,[18] and an energy transfer induced by the dipole-

dipole coupling (FRET), explained by the Förster theory.[19, 20] Both processes can be depicted as an 

electron or dipole moment transfer, respectively, from QDs acting as donors (D) to QDs acting as 

acceptors (A). In particular, these interaction phenomena are very sensitive to the distance among 

the nanoparticles that can range from sub-nanometer to tens of nanometers. 

At very short distances (i.e. less than ~1 nm) the interaction leads to the overlap of the electronic 

wavefunctions of the nano-objects, resulting in a charge transfer (contact zone, Dexter model), 

while for longer distances (from ~1 nm up to ~10 nm) the dipole-dipole coupling (near field zone, 

Förster theory) plays the major role, resulting in FRET. 

Many reports[21-25] have tried to distinguish the different contributions to the transfer efficiency 

made by FRET and non-FRET processes, mainly investigating the interaction between dye 

molecules,[26, 27] and between nanocrystals and dye molecules. In particular, Moroz et al.[21] studied 

the FRET/non-FRET contributions in cyanine dye−QD solid-state assemblies by a spectroscopic 

approach to calibrate a spectroscopic ruler. Hoffman et al.[22] highlighted how a nanostructured 

system, composed of CdSe QDs of different sizes, linked to a red-infrared-absorbing squaraine dye 

through a thiol functional group, couples via energy transfer through both long-range dipole-based 

FRET and short-range Dexter electron transfer mechanisms. Avellini et al.[23] and Harris et al.[24] 

reviewed the charge/energy transfer in QDs/molecules assemblies reporting the possible 

interactions between the chromophores when in close proximity, either connected chemically by 

ligand or layered in disordered solid films. Panniello et al.[25] developed an efficient FRET system 

combining QD donors and dye molecules acceptors, namely BODIPY, and studied how different D-

A distances can provide effective energy transfer already in solution, with an efficiency of 76% that 

increases in solid-state. Few studies report, so far, QD-QD coupling. Kolodny et al.[6] demonstrated 

that the linkers used to connect the QDs can modify their coupling through vibration-assisted 

transport. Zheng et al.[28] investigated FRET dynamics in densely packed films composed of multi-

sized CdSe QDs using ultrafast transient absorption spectroscopy and theoretical modelling, being 

finally able to separate FRET contribution from intrinsic exciton decay. Hoffman et al.[29] explored 

the impact of QD surface chemistry on energy transfer in films formed by differently sized CdSe QDs, 

spin-casted onto a glass substrate. A solid-state ligand exchange with thiol was implemented to 

investigate the effects of QDs surface passivation on energy transfer and to mimic a layer-by-layer 

deposition commonly used in the fabrication of QD photovoltaic devices. Kim et al.[30] proposed a 

3D CdSe QD superlattice and demonstrated a quantum resonance among the QDs decreasing their 



size and  the distance between the QD layers, rather than a dipole-dipole Coulomb coupling. 

Similarly, Sugimoto et al.[31] performed a detailed spectroscopic studies on silicon QDs assemblies 

tuning the distance among the nano-objects and their size distribution. 

Most of these studies use disordered solid-state films of QDs, assembled or spin-coated on a 

substrate, where the aggregation of QDs and their collective interactions can play a predominant 

role, thus somehow masking the fundamental interaction occurring ideally between two single QDs 

at a given distance. To overcome such a limitation that arises in the solid-state systems, we 

previously demonstrated the fabrication of a few linked equal-sized QDs in the solution, namely 

homodimers.[5] Such nanostructures couple through wavefunction delocalization at a sub-

nanometric interparticle distance, while a FRET behaviour is assessed for longer distances. Recently, 

also Cui et al.[7] obtained homodimers of CdSe/CdS core-shell nanocrystals by constrained oriented 

attachment and their coupling was proven by the red-shift of the excitonic transitions. 

However, such homodimer systems present limitations due to the difficult discrimination between 

donor and acceptor QDs. The realization of QDs hetero systems, in solution, could overcome this 

issue, giving a better comprehension of the coupling phenomena involved. 

Here, molecular hetero-assemblies have been fabricated starting from CdSe QDs of two different 

sizes, synthesized to have the first excitonic transition of the donor in mutual resonance with the 

second excitonic transition of the acceptor. The QDs are linked by linear dithiols (DT) of different 

alkyl chain lengths in the nanometric and sub-nanometric regimes. The thiol group ensures the 

chemical binding with the QDs,[32] forming with the cadmium on the QDs surface an X-type bond.[33] 

We performed an in-depth morphological and spectroscopic characterization to get information 

about the crystallographic faces involved in the bound and in the nature of the coupling between 

the nano-objects. Steady-state and time-resolved photoluminescence (PL and TR-PL, respectively) 

measurements on the hetero assembled system and the comparison with similar experiments 

carried out on homo-assemblies allowed to estimate the spacing range between the nanoparticles 

in which the charge transfer is the dominant mechanism.  We demonstrated that, for short ligand 

chains, the wavefunction delocalization in hetero-assemblies is more efficient than in homo ones, 

while FRET processes dominate in homo-assemblies at larger distances. These findings can be 

profitably used in the optoelectronic applications that take advantage of cascade-like energy level 

systems to more efficiently funnel charges with increased transfer rates and be of inspiration in the 

design of systems for photoconversion, light-harvesting, and catalysis. 

2. Experimental 

2.1. Materials 

Cadmium oxide (CdO, 99.5%), selenium (Se, 99.99%), tributylphosphine (TBP, 99%), 

trioctylphosphinoxide (TOPO, 99%), hexadecylamine (HDA, 90%), oleic acid (OLEA, 90%), butylamine 

(BUA, 99%), 1,3 propanedithiol (pDT, 99%), 1,6 hexanedithiol (hDT, 96%), 1,8 octanedithiol (oDT, 

97%), 1 propanethiol (pT, 99%). All chemicals were used as received, without any further purification 

or distillation. Ethanol (≥ 99,8%), hexane (anhydrous ≥ 99%), cyclohexane (cC6, Spectroscopic Grade 

≥ 99.9 %) and tetrachloroethylene (TCE, Spectroscopic Grade ≥ 99.9 %) were used at analytical 

grade, unless otherwise specified. All the chemicals were purchased from Sigma-Aldrich. 

 



2.2. Synthesis of CdSe QDs 

Following a procedure reported in literature[5] CdSe QDs were synthesized by a colloidal approach. 

0.127 g of CdO (1 mmol) were decomposed at 260°C under nitrogen flux by means of 1 mL of OLEA 

and then cooled to 85 °C. In a second flask TOPO (9 g, 23 mmol) and HDA (9 g, 37 mmol) were heated 

at 110°C, then cooled to 85 °C and injected into the flask with the Cd precursor. At 280 °C, 2 mL of 

TBP were injected followed by the injection at 295 °C of the Se precursor (0.394 g, 5 mmol, dispersed 

in 4.5 mL of TBP). The growth temperature was set at 270 °C. Two samples of QDs were synthesized 

varying the growing time: at 90 sec (QD1) and at 180 sec (QD2). The QDs were collected by 

centrifugation, adding ethanol and dispersing the precipitate in 4 mL of hexane, thus resulting in a 

concentration of 2•10-4 M for QD1 and 1•10-4 M for QD2, respectively, as calculated by.[34] 

2.3. QD functionalization with butylamine, alkyl thiols and dithiols 

Molecular hetero-assemblies were fabricated following a previously reported procedure.[5, 6] First, 

QDs (5•10-7 M) were treated by using BUA (2.5•10-2 M in hexane) at BUA: QD molar ratio of 500:1. 

The addition of the dithiols (DT, 1.7•10-4 M in hexane) was further carried out at DT:QD molar ratio 

of 50:1, under stirring for 5 min. To obtain a reference sample, QDs were functionalized with pT. 

The treatment of BUA functionalized QD1 and QD2 samples (5•10-7 M) was performed by using pT 

(3.3•10-3 M in hexane) in a QD: thiol molar ratio 1:50 for 5 min under stirring at room temperature. 

The enrichment in molecular assembly of the solution and the purification of the same from the 

organic impurities and larger aggregates was carried out by means of density gradient 

ultracentrifugation (DGU) using a Beckman Coulter Ultracentrifuge mod. Optima XE 90. The gradient 

was composed by 6 layers of 500 µL each of a mix of cC6 and TCE, from 90% to 30% of cC60 and built 

into a thick wall polyallomer round bottom centrifuge tube. The samples were centrifuged at 25000 

rpm for 15 min. The layer at 40% in cC60 containing the molecular hetero-assemblies was carefully 

recovered with a syringe and transferred into a glass vial. Spectroscopic characterization such as 

UV-Vis absorption, PL, and TR-PL (λex=485 nm), together with morphological analysis were carried 

out on the selected fraction.  Samples were diluted to 1:60 in hexane for TEM grid preparation. 

2.4. Characterization techniques 

UV-Vis absorption spectra were recorded with a Cary 5000 (Varian) UV/Vis/NIR spectrophotometer. 

All fluorescence measurements were performed at room temperature. Fluorescence spectra were 

acquired by using a Fluorolog 3 spectrofluorometer (HORIBA Jobin-Yvon), equipped with double 

grating excitation and emission monochromators. TR-PL measurements were performed by Time-

Correlated Single Photon Counting (TCSPC) technique, with a FluoroHub (HORIBA Jobin-Yvon). The 

samples were excited at 485 nm using a picosecond laser diode (NanoLED 485L) with a pulse length 

of 80 ps at a 1 MHz repetition rate, with typical energy below 10 pJ/pulse. The PL signals were 

dispersed by a double-grating monochromator and detected by a picosecond photon counter (TBX 

ps Photon Detection Module, HORIBA Jobin-Yvon). The temporal resolution of the experimental 

setup was ~200 ps. DAS6 Analysis® software by Horiba was used to fit the decay profiles with 

multiexponential functions (of order 3 or 4) and average lifetimes[35] in which the QDs remain in the 

excited state following excitation were calculated as reported in the electronic supplementary 

information (ESI). Absolute quantum yield measurements were obtained utilizing a ‘‘Quanta-phi’’ 

integrating sphere coated with Spectralons® and mounted in the optical path of the 

spectrofluorometer, using as excitation source a 450 W xenon lamp coupled with a double-grating 



monochromator. For transmission electron microscopy (TEM) analysis, samples were prepared by 

casting 1.5 μL of QDs solution on a carbon-coated copper grid. A JEOL JEM1011 microscope, 

operating at an accelerating voltage of 100 kV and equipped with a W electron source and a CCD 

high-resolution camera was used for image acquisition at low resolution. Statistical analysis of the 

QD average size and size distribution of the samples was performed by using an image analysis 

software (AxioVision®). The percentage relative standard deviation (σ%) was calculated for each 

sample, providing information on the QD size distribution. Its value is based on the distribution of 

size compared to the average value and is expressed as a percentage. The high resolution TEM (HR-

TEM) images were acquired by an image‐Cs‐corrected JEOL JEM‐2200FS TEM (Schottky emitter 

source, operated at 200 kV), with an in‐column filter (Ω‐type). For the specimen preparation, a small 

volume of each sample was deposited onto an ultrathin carbon/holey‐carbon film‐coated Cu grid. 

The TEM grids, after deposition of the samples, were heated up in the high vacuum, up to 150 °C, 

to enhance desorption of residues of organics/solvents. The images were frequency‐filtered[36] to 

minimize the contrast due to amorphous carbon support. The fast Fourier transforms of HR-TEM 

images were compared with single-crystal electron diffraction patterns from two crystal structures: 

ICSD 41528 for zinc-blende CdSe and ICSD 415785 for wurtzite CdSe. For all HR-TEM images, this 

procedure provided a better match with the wurtzite CdSe phase. The zone axis provided for each 

particle in the HR-TEM images was chosen due to the best overall match with the calculated single-

crystal diffraction pattern. The slight discrepancy between experimental and calculated inter-plane 

distances and angles can be explained based on the inherent accuracy of magnification calibration 

in HR-TEM (affecting the measured interplanar spacings), around 5%,[37] and to slight distortions of 

the crystal lattice (affecting measured angles) in nanometer-sized particles. 

3. Results and discussion 

For the molecular assembly’s fabrication, CdSe QDs have been synthesized in two different sizes by 

a classical approach based on thermal decomposition of precursors in hot non-coordinating 

solvents,[38-40] tailoring the size by controlling the reaction times. The synthesized QDs, dispersed in 

hexane, result mainly capped by TOPO and HDA, the surfactants used in the synthetic procedure. In 

Figure S1 in ESI the spectroscopic and the morphologic features of the QDs are reported. In 

particular, the QD1 is characterized by the first excitonic transition at 590 nm with PL peaked at 600 

nm, while the QD2 has the first excitonic transition at 617 nm and the PL centred at 625 nm. The 

TR-PL decay profiles of QD1 and QD2 reported in Figure S2 in ESI, show similar recombination 

dynamics, not significantly influenced by the QD size. The diameter of the QDs measured by TEM is 

3.7 nm (σ%=8%) for the QD1and 4.4 nm (σ%=7%) for the QD2, in agreement with the spectroscopic 

size determination.[34] The nanocrystal sizes have been suitable designed so that the QDs have their 

excitonic transitions in mutual resonance; in particular, the first excitonic transition (1Se – 1S3/2, 

1) of the smaller QD1 energetically matches the second excitonic transition (1Se – 2S3/2, 2) of 

the larger QD2, both centred at 590 nm. Considering the possible energy or charge transfer 

processes that can occur between the two nano-objects when they are in close proximity,[23, 24, 41, 

42] we can attribute at the QD1 the role of donor and at the QD2 the role of acceptor, even when 

they are dispersed in solution.  

A protocol for the fabrication of molecular homodimers,[5] consisting of  a two steps 

functionalization procedure of the QDs has been successfully applied here to the hetero-assemblies 

preparation (Scheme 1).  



 

Scheme 1. General strategy for the fabrication of molecular hetero assembly. The anchoring of a 

bifunctional linker to the surface of pre-functionalized QDs of two different sizes can result in 

hetero-assembly formation. 

Firstly, both QDs have been pre-functionalized with butylamine (BUA), a short alkyl chain ligand, to 

reduce the large steric hindrance of the native ligands present on the surface of the QD deriving 

from the synthetic procedure (i.e. mainly TOPO and HDA). Indeed, such a steric obstacle prevents 

the efficient penetration of the bifunctional linker through the organic shell by precluding it from 

approaching the QD surface for binding. Since the long alkyl chains of native ligands ensure the 

colloidal stability of the QD in solution, only a partial replacement is needed to make more accessible 

the surface of the QDs to the new ligand, still preserving the QD stability and avoiding unwanted 

and massive aggregation. For this reason, as in ref. [5], a molar ratio BUA:QD of 500:1 has been used, 

to limit the extent of the ligand exchange. The second step consists of mixing the hexane solutions 

of the pre-functionalized QD1 and QD2 at the same concentration (5•10-7 M), followed by the 

addition of the bifunctional linker suitable to connect two QDs. For the fabrication of molecular 

hetero-assemblies, bifunctional linkers belonging to dithiol’s class, in particular, the 1,3 

propanedithiol (pDT), 1,6 hexanedithiol (hDT) and 1,8 octanedithiol (oDT) characterized by a linear 

alkyl chain length[43] of 0.55 nm, 0.9 nm, and 1.2 nm respectively, have been selected. The dithiols 

have been added in a molar ratio DT:QD of 50:1 to the pre-functionalized mixed solution of QD1 

and QD2 to obtain the highest assembly yield and avoid larger aggregation. In order to purify the 

sample and enrich the solution in molecular assemblies, separating the unlinked QDs, large 

aggregates and the organic impurities in solution, a DGU has been performed.[44]  

In Fig. 1 the TEM micrographs of the as-prepared small molecular assemblies of QDs (1A) linked with 

pDT, containing also few unlinked QDs and of the larger molecular assemblies obtained after DGU 

procedure are reported. The ultracentrifugation results in a purified sample with a visible 

enrichment in assembled nano-systems composed up to 8 QDs (Fig. 1B). Large aggregates and 

organic impurities are collected at the bottom layer of the tube and removed (Figure S3). The 

probability to collect molecular assemblies constituted by the two QDs of different size is very high, 

which reflects into a high percentage of hetero structures. The assembly statistics follows the 

hypergeometric distribution that, starting from two different families of objects, A and B, describes 

the probability to have at least one object A in an ensemble of n objects B.[45] In particular, the  



  

Figure 1. TEM micrographs of the as-prepared molecular assemblies (A) and after DGU procedure, 

resulting in a visible enrichment of the solution in molecular assemblies (B). 

probability for an assembly of 4 QDs to have at least one QD of different size is 93.8% and rises up 

to 99.6% for assemblies of 8 QDs.  In Fig. 2 the filtered HR-TEM micrographs of QD1-QD2 hetero-

assemblies fabricated with pDT (2A) and hDT (2C) as bifunctional linkers, are shown. The 

crystallographic analysis of the Fast Fourier Transforms (FFTs) of the HR-TEM images indicates a 

wurtzite structure (ICSD 415785) of the nanocrystals constituting the assembly, as shown in the 

enhanced images with respect to the amorphous background reported in Fig. 2B and 2D, 

respectively.  

Wurtzite CdSe nanocrystals exhibit a frustrated hexagonal prismatic shape. Panels B and D of Fig. 2 

show a 3D-model of the pDT and hDT hetero-assemblies, respectively, that can be deduced by the 

FFTs’ analysis of the HR-TEM images, only when the QDs are aligned along a defined zone axis, as 

for the examples shown. The zone-axis projection of the 3D-model of the QDs is reported in Figure 

S4. The crystallographic analysis highlights that the nearest surface regions of the two QDs are the 

(101) faces. Moreover, the enhanced pDT sample image (Fig. 2B) allows to evidence that the two 

QDs are so close to each other that their lattice fringes seem to be partially overlapped. 

Accordingly, the hDT QDs image in Fig. 2D confirms that the (101) faces are the nearest, although 

the distance between the two QDs is larger than the corresponding distance for the pDT case. 

 

Figure 2. Filtered HR-TEM images of the pDT (A) and hDT (C) hetero-assemblies to minimize high-

frequency noise. Further filtering of the HR-TEM images allows to enhance the QDs with respect to 

the amorphous background (panel B and D). A 3D-model (frustrated hexagonal prismatic shape) of 

the two QDs constituting the pDT (B) and hDT (D) hetero-assemblies, seen in projection along the 

respective zone-axis direction is reported. The insets show the FFTs of the two HR-TEM images. 



The QDs’ distance values that can be estimated by the 3D-model reconstruction (Fig. 2B and 2D) 

agree with the nominal values of the linear alkyl chain lengths, although a quantitative evaluation 

for the pDT case is limited by the fact that the 3D QDs are seen in projection and are so close to 

each other that can be also partially overlapped. In any case, to give a length reference, a segment 

representing the nominal length of pDT and hDT chains is sketched between the two QDs, rotated 

towards the image plane of 45° to take into account a reduction of length due to the projection in 

the image plane. Finally, it should be noted that in CdSe wurtzite: the two terminating (001) faces 

are cadmium and selenium surfaces, respectively; the (100) faces are mixed cadmium and selenium 

surfaces; the (101) faces are either cadmium or selenium surfaces.[46] Therefore, from the 

crystallographic analysis, shown in Fig. 2, the (101) cadmium surfaces seem to have an important 

role in favouring the assemblies’ formation, at least for values of the alkyl chain length up to about 

0.9 nm (hDT). However, in the ESI section, a third example is reported (Figure S5) - the 

crystallographic analysis for an oDT sample, whose chain length is of 1.2 nm - for which the nearest 

surfaces of the two QDs are (100) and (001), different from the (101) ones found for the pDT and 

hDT cases.   

In the following, a comparison of the optical properties of hetero-assemblies, unlinked QDs and 

homo-assemblies in solution is reported to underline the different spectroscopic behaviour and 

assess the transfer mechanism between the nanocrystals. 

3.1. Comparison between hetero-assemblies and unlinked QDs in solution 

Spectroscopic measurements as absorption, steady-state and TR-PL can provide meaningful 

information on the interaction between the two differently-sized QDs.  It is well-known that the 

thiol moiety functionalizing the CdSe QD surface induces a quenching of the PL emission because 

the sulphur generates a trap state for the holes into the bandgap near the valence band,[47] also 

demonstrated by XPS measurements.[48] To discriminate the quenching effect due to the sole thiol 

moiety from the additional quenching induced by a possible interaction between the linked QDs, 

the 1 propanethiol (pT) functionalized QDs have been chosen as reference, as pT can bind the 

surface of one single QD with the thiol moiety, but cannot induce the particle’s connection, since it 

is not bifunctional. In Fig. 3A the PL spectra of two molecular hetero-assemblies fabricated by using 

pDT and hDT as ligands (red and green lines, respectively) compared with the simple mixed QDs 

(dark blue line) and the reference sample with pT (light blue line) are reported. 

The thiol moiety bound at the QDs surface induces a quenching of the emission, as can be noticed 

for all the samples treated with thiol and dithiols in Fig. 3A. Such a quenching is only mild for QDs 

treated with pT, while appears much intense for dithiols, also depending on the length of the alkyl 

chain of the ligand. A more pronounced quenching of the QD1 emission with respect to the QD2 in 

the PL spectra can be also observed, still depending on the alkyl chain length of the bifunctional 

molecules. Besides, normalized PL spectra (Fig. 3B) show a clear redshift of the emission in these 

samples with respect to the mixed QDs, caused by a reduction of the high-energy emission and an 

enhancement of the contribution in the red region.[41] The redshift is observed also in the absorption 

spectrum of QD1-QD2 pDT reported in Figure S6 in the ESI. Such phenomena suggest the occurrence 

of an interaction between the QDs when they are closely connected by dithiols, similarly to what 

has been found for homodimers.[5] 

 



 

Figure 3. PL spectra of molecular hetero-assemblies obtained using pDT (red line) and hDT (green 

line) as linkers compared with the only mixed and pT treated QDs (A) and after normalization (B). 

The values of the intensity of QD1-QD2, mixed (dark blue line) and treated with pT (light blue line) 

have been divided by 15 and 6, respectively. In the inset of panel (B) a close-up of the peak profiles. 

ex=485 nm 

 

Figure 4. A) TR-PL of hetero-assemblies prepared with pDT (red line) and hDT (green line), compared 

with the decay profiles of the mixed QD1-QD2 (grey line) and treated with pT (blue line). B) 

Comparison of the decay profiles of the mixed QD1-QD2 treated with pT (cyan and blue lines) and 

the pDT hetero-assembly (red and yellow lines), measured in correspondence of the emission peaks 

of the two QDs. ex=485 nm 

Fig. 4A displays the TR-PL decay profiles of the samples prepared with pDT, hDT and of the QD 

mixture and pT-treated, as a reference, measured in correspondence of the emission peak of QD2. 

The dynamics have been best fitted with multi-exponential functions and the resulting average 

lifetimes, reported in table S1 in the ESI section, decrease from 26.0 ns for the mix QDs solution 

down to 8.6 ns for the QDs functionalized with pDT, while the pT induces only a small reduction in 

the lifetime (25.1 ns). The molecular assembly’s lifetimes decrease when reducing the interparticle 

distance, in agreement with the quenching of PL (Table S1 in the ESI). In Fig. 4B the comparison of 

the PL decay profiles of the pDT hetero-assemblies and mixed QDs with pT, collected at the emission 

wavelength of QD1 (600 nm) and QD2 (625 nm), is reported. While for the QDs treated with pT the 

difference between the recombination dynamics at the two wavelengths is not so evident and 

follows the behaviour of the pure QDs in solution (Figure S2 in the ESI), for the hetero-assembly the 



recombination of QD1 is faster than that of QD2. If, as previously mentioned, QD1 is considered to 

play the role of donor and QD2 the role of acceptor, it can be concluded that the donor recombines 

faster than the acceptor, as expected in a transfer process.[5, 41]  

This experimental evidence, in connection with the redshift measured both in absorption and 

steady-state PL spectra, confirms a coupling between the QD1 and the QD2, which is stronger as the 

interparticle distance decreases. 

3.2. Comparison between hetero and homo molecular assemblies 

The coupling has been previously demonstrated for homodimers based on two identical QDs linked 

by dithiols.[5] Here, we consider a more complex system based on QDs of different sizes, physically 

bounded at a short distance, and we are interested in evaluating how the mutual resonance 

between the optical transitions of the QDs may affect the coupling. In analogy with the homodimers, 

characterized by isoenergetic levels, the condition of mutual resonance allows building an energy 

diagram of the hetero system where the level 1 of the donor and the level 2 of the acceptor are 

at the same energy (Scheme 2), thus allowing to compare the homo and hetero transfer 

performances. In a homo system (scheme 2A), the interacting QDs have the same energetic position 

of all the electronic levels. However, taking into account the intrinsic size dispersion of the QDs 

(σ%~7-8%), the smaller dots in the same batch can act as ‘’donors’’ (QDd) and the larger ones as 

‘’acceptors’’ (QDa) and can interact with each other, resulting in coupling phenomena. 

 

Scheme 2. Energy diagram describing the electronic transitions between two QDs in a homo-

assembly (same size, A) and in a hetero-assembly (different size with resonant transition, B). The 

possible transitions are labelled with the corresponding kinetic constants. 
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After pumping the QDs to high energy states (HES), the photogenerated electrons thermalize on the 

level 1 of both QDd and QDa that result almost equally populated. Then, the charge carriers can 

either relax radiatively back to the ground state G with kinetic constant    G
    / 

 in a few 

nanoseconds or more rapidly transfer or delocalize on the 1 level of the adjacent QD with a kinetic 

constant     
   /     / 

. In the case of hetero-assemblies (scheme 2B), the electronic level 1 of the 

QD1 is isoenergetic with level 2 of the QD2, i.e. they are in mutual resonance. 

When the hetero system is irradiated at ex=485 nm, both QD1 and QD2 absorb the radiation with 

kinetic constants  G    
   / 

, resulting, after the thermalization process, in a certain population of the 

level 1 of the QD1 and of level 2 of the QD2. The population of the level 2 of the QD2 thermalizes 

on the level 1 of the same dot with the kinetic constant     
    in a sub-ps time scale.[49] Then, 

after thermalization, the level 1 of the QD1 has a larger population of the level 2 of the QD2, 

regardless of the different extinction coefficients of the two QDs. Since these two levels are almost 

isoenergetic (the size dispersion must be considered) a direct coupling is possible. In addition, a 

more efficient and directional charge transfer from QD1 to QD2 is expected, due to the difference 

in population, while in the case of the homo-assembly, the probability of transfer between the first 

excited levels of the two QDs is the same. 

To experimentally validate this assumption, a comparison of the spectroscopic properties of homo 

and hetero molecular assemblies has been carried out. The PL spectrum of pDT hetero sample 

shows a similar redshift compared to QD1 homo-assembly (Figure S7), being in both cases of a few 

nm. The same results are obtained for homo systems based on QD2.[5]  

A faster PL decay is observed in pDT hetero-assembly (Fig. 5A, yellow line) with respect to the 

analogous decay measured in homo systems (Table S1) at a short interparticle distance. 

Moving to hDT (Fig. 5B), an opposite behaviour is observed, with faster recombination for homo 

with respect to hetero ones. Similar behaviour is obtained for oDT (Figure S8) and comparing pDT 

and hDT hetero samples with QD2 pDT homo-assembly (Figure S9). These differences between the 

TR-PL behaviours when varying the alkyl chain length also reflect in the transfer rates. In Fig. 6, the 

 

Figure 5. Comparison between TR-PL measurements of A) pDT hetero-assembly and QD1 pDT 

homo-assembly and B) hDT hetero-assembly and QD1 hDT homo-assembly. ex=485 nm 



 

Figure 6. Logarithmic plot of transfer rates calculated from exciton lifetimes, versus ligand length 

for both the series of homo and the hetero molecular assemblies, fabricated starting from QD1 and 

QD2. The fitting curves and the error bars are also reported. 

Ligand Hetero QD1 homo QD2 homo 

  AV (ns) Ket (ns-1) AV (ns) Ket (ns-1) AV (ns) Ket (ns-1) 

pDT 6.6 0.12 8.6 0.08 10.0 0.06 

hDT 18.1 0.01 13.3 0.03 14.6 0.03 

oDT 22.5 0.001 21.2 0.01 16.0 0.02 

Slope -2.97 -1.38 -0.82 

Table 1. Decay average lifetime τAV and transfer rate Ket for the hetero and analogous homo 

molecular assemblies. 

transfer rates Ket are plotted as a function of the interparticle distance (i.e. 0.55 nm for the pDT, 0.9 

nm for the hDT, and 1.2 nm for the oDT) for both homo and hetero molecular assemblies. In analogy 

to[5, 50] Ket is defined by the equation Ket = 1/τ(coupled) - 1/τ(isolated), which respectively considers the 

exciton average lifetimes in the coupled and isolated pT treated QDs, showing an exponential trend  

against the ligand length. The trend can be fitted by an exponential function providing a slope 

parameter that accounts for the different speeds of the transfer processes.The numerical values of 

Ket for each sample are reported in table 1, together with the average lifetime τAV and the slope for 

the three different systems. In general, the coupling phenomena are controlled by the distance 

between the interacting moieties, ranging from charge transfer (Dexter model) to energy transfer 

(FRET/Förster theory) [19] and two regimes are expected: a contact zone, where the Dexter model 

applies, and a near field zone, where the FRET process dominates. The limit between the two zones 

is defined as 0.01b where b=/2n,  is the wavelength of the donor fluorescence and n is the 

refractive index of the solution.[20] Such a value has been calculated to be about 0.7 nm for both 

homo and hetero molecular systems. Then, it is reasonable to suppose that, below such a distance, 

the coupling process is a pure charge transfer while, for larger distances, energy transfer 

mechanisms need to be considered. The Dexter and FRET efficiencies have a different dependence 

from the distance, namely, in the first case, it depends exponentially (e-r) with respect to the 
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distance between the QD surfaces, whereas in the case of the Fӧrster mechanism, efficiency is 

proportional to 1/d6, where d is the center-to-center distance.  

In Fig. 6, at very short distances (when pDT is used as linker) and where the charge transfer process 

is expected to be dominant, Ket for hetero-assemblies is significantly higher than the Ket for homo 

ones (Table 1).  

Moreover, at short distances, the homo-assembly based on smaller QDs transfers more efficiently 

with respect to the large one. Increasing the distance (hDT), the FRET becomes relevant, reflecting 

in an opposite outcome in the Ket, resulting faster in both homo-assemblies as compared to the 

hetero ones. Also, the larger QDs have larger Ket than the smaller ones. This behaviour is strongly 

enhanced when the QDs are linked with oDT (1.2 nm). In particular, the transfer rate of hetero 

systems increases by two orders of magnitude when reducing the interparticle distance from 1.2 

nm (oDT) to 0.55 nm (pDT), while a less marked change is obtained in the case of homo samples, as 

highlighted in Fig. 6. 

These results can be rationalized supposing that, for very short ligand length, the different size of 

the QDs and probably the mutual resonance of the energy levels facilitate the charge transfer (or 

wavefunction delocalization) from the donor to the acceptor. In the case of QDs of comparable size, 

being the delocalization larger for smaller QDs,[5, 51] the charge transfer results more effective for 

QD1 molecular homo-assembly. At increased interparticle distances, the dipole-dipole interactions 

start to become relevant, resulting more effective when isoenergetic excitonic levels are coupled. 

Since in hetero-assembly the first excited levels of QD1 and QD2 have different energies and, 

accordingly, different associated dipole moments, the hetero sample system shows a reduced 

coupling in the near field zone where the FRET dominates.[20] 

In addition, the FRET efficiency is strictly related to the overlap integral between the emission of the 

donor and the absorption of the acceptor and then to the molar extinction coefficient of the QDs 

(higher for larger CdSe QDs). Then, a higher value of Ket is obtained for QD2 homo-assemblies. 

Summarizing, the type of dominant coupling phenomenon is dictated by the interparticle distance 

between the QDs, ranging from resonant energy transfer (FRET) due to the dipole-dipole 

interactions at relatively large separation to the overlap of the delocalized wavefunctions of the QDs 

at very short distances.[20, 21] However, while FRET phenomena are more efficient in molecular 

homo-assemblies, a high coupling due to wavefunction delocalization is obtained for hetero-

assemblies, thanks to the cascade-like energy diagram.  

4. Conclusion 

A fabrication strategy for the preparation of molecular hetero-assemblies has been successfully 

translated from an established procedure for homodimers. Molecular QDs assemblies with well-

defined interparticle spacing ranging from 1.2 nm down to sub-nm have been achieved by using 

dithiols with different chain lengths. Hetero systems composed of different sizes QDs, properly 

designed to have their excitonic energy levels in mutual resonance, have been spectroscopically 

inspected in solution and compared with the homologs homo-assemblies. The investigation 

highlights that the QD coupling is governed by the interparticle distance and that QD size and 

energetic levels significantly affect the transfer rate efficiency. The findings evidence the potential 

of the two sized system in terms of transfer rate for applications requiring a high charge 

transfer/wavefunction delocalization, taking advantage of the cascade-like energetic levels in the 



contact zone. On the other hand, FRET architectures would strongly benefit from the use of homo-

assemblies that can couple more efficiently by means of the energy transfer mechanism, thanks to 

quasi iso-energetic electronic levels. These considerations can be useful to design and engineer 

more efficiently optoelectronic devices based on QDs assemblies, giving a boost to these 

applications in the photonic era. 
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