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 CdSe/ZnS QDs were synthesized by means of the simple, one-pot strategy reported by Bae et 

al.9 This method consists in the rapid injection of a previosly prepared solution of TOPSe and TOPS 

to a hot mixture of Cd(oleate) and Zn(oleate) in ODE, which results in the formation of composition 

gradient nanocrystals with CdSe-enriched cores and ZnS-enriched shells (Scheme IV-19). After 

cooling down, the synthesized core/shell QDs were precipitated with an excess of methanol and 

centrifuged. 

 
Scheme IV-19. Representative reaction conditions used for the preparation of composition gradient 
CdxSey/Zn1-xS1-y QDs. 

 In contrast to pure CdSe QDs and regular CdSe/ZnS QDs prepared by stepwise growth of their 

core and shells, the HOMO-LUMO gap of composition gradient CdSe/ZnS does not depend on the 

reaction time for the synthesis of the CdSe core, but on their composition (i.e. the amount of Cd, Zn, 

Se an S precursors mixed). As earlier commented, this is due to the particular mechanism of 

formation of these nanocrystals, which relies on the faster nucleation rate of CdSe with respect to 

ZnS. Therefore, composition must be careful controlled to obtain CdSe/ZnS QDs with the desired 

optical properties. On the other hand, reaction time controls the thickness of the ZnS shell together 

with composition. This is clearly illustrated by Figure IV-16, which shows how the absorption and 

emission spectra of composition gradient CdSe/ZnS nanocrystals vary when tuning these two 

experimental parameters. For instance, when using equivalent reaction times for the synthesis of 

CdSe/ZnS QDs but increasing the Se/(Se+Zn) ratio, QDs of similar size but narrower HOMO-LUMO 

gap were obtained (i.e. larger CdSe core and thinner ZnS shell, Figure IV-16A-B). Instead, by 

preserving the composition of the precursor mixture but increasing the reaction time, larger QDs 

with equivalent bandgap were prepared (i.e. similar CdSe core and thicker ZnS shell, Figure IV-16C-

D). 

CdSe/ZnS



Results
 

94 

Figure IV-1
composition
ø = 6.10 ± 
equal chem
= 9.65 ± 0.8

 Once 

purification

amounts o

centrifugat

interest un

allows disc

metals in t

which are 

are largely

this effect 

purification

observed f

the spectru

of free an

olefinic sig

in the los

Noticeably

the spectr

s and discu

16. (A) Absorp
n and same re
 0.66 nm (ora

mical composit
85 nm (green)

synthesized

n processes,

of precursor

tion cycles us

ntil no free O

criminating b

the nanocrys

dramatically

y increased a

 by compar

n process of

for the QD-fr

um of the init

d bound OA

gnals at 5.3-5

s of the na

y, some of th

ra of the wa

ssion  

ption and (B) e
eaction times: 
ange). (C) Ab
tion but differe
). 

, both CdS

, which were

rs and oleic 

sing proper s

OA molecules

etween free 

stals on the r

y accelerated

and, therefo

ing the 1H 

f OA-coated

ree sample o

tial precipitat

A molecules, 

5.4 ppm. As 

arrow signals

he signals ari

ashed sampl

emission spec
 Cd0.4Zn4Se0.0

sorption and 
ent reaction tim

e and CdSe

e aimed to r

 acid stabili

solvents. In p

s were obser

and QD-teth

relaxation pro

d.46,47 As suc

re, they sign

NMR spectr

d CdSe/ZnS 

of oleic acid, 

ted mixture o

 respectively

expected, su

s, thus dem

ising from Q

es and no 

New f

 

ctra of core/sh
043S4.3, ø = 6.3
(D) emission 

mes: Cd0.4Zn4S

e/ZnS QDs 

remove all r

zers. This w

particular, sp

rved. We mo

ered organic

ocesses of th

ch, the linew

nificantly broa

rum of oleic 

 QDs. While

 overlapped 

of nanocrysta

y.48 For insta

ubsequent w

monstrating th

D-tethered o

peaks were 

functional ligan

hell QDs synth
32 ± 0.91 nm 

spectra of co
Se0.043S4.3, ø =

were subje

reaction by-p

was achieve

pecial care w

onitored this 

c moieties. Th

he excited sp

idths of the 

aden. Figure

 acid with t

e well-resolv

narrow and 

als, which ca

ance, this is 

washing steps

he removal 

oleic acid mo

 eventually f

C
nds for quantu

hesized with d
(green) and C

ore/shell QDs 
= 6.32 ± 0.91 

ected to the 

products as 

ed by severa

was taken to w

 process by 

his is due to 

pin states of 

correspondin

e IV-17 nicel

those registe

ved 1H NMR

broad signal

n be ascribe

 clearly app

s of the QD s

of free olei

olecules also 

found in the

Chapter 
um dot assem

 
different chem
Cd0.4Zn4.1Se0.2S

synthesized w
nm (black) an

 same type

well as exc

al redispersi

wash all QDs
1H NMR, wh

the effect of 

close-by nuc

ng NMR sign

y demonstra

ered during 

R multiplets 

s were found

d to the mixt

reciated for 

sample resul

c acid ligan

 disappeared

e correspond

 IV 
mbly 

mical 
S4.2, 
with 
nd ø 

e of 

ess 

ion-

s of 

hich 

 the 

clei, 

nals 

ates 

the 

are 

d in 

ture 

the 

lted 

nds. 

d in 

ding 



Chapter IV 
New functional ligands for quantum dot assembly  Results and discussion 

 

 

95 
 

spectral regions (e.g. signals at 2.35 and 1.63 ppm corresponding to H-2 and H-3 located at - and 

-position with respect to the carboxylic group).46b,49 It must be noted that these are the closest 

protons to the nanocrystal surface, and therefore, for which the metal-induced effect on spin 

relaxation should be more pronounced. As a result, their signals become so broad that they can no 

longer be distinguished from the background. 

 
Figure IV-17. 1H NMR (CDCl3, 400 MHz) spectra of free oleic acid (black), the initial reaction mixture of 
CdSe/ZnS QDs (red) and the consecutive washes done for its purification. Arrows highlight the decrease of 
the proton signals of the protons closest to the metal surface. 

 To have a better insight into the effect of QDs on the NMR signals of the bound organic 

stabilizers, 1D diffusion NMR experiments (1D DOSY NMR) were additionally performed. DOSY 

NMR is a very powerful spectroscopic technique that allows separate detection of molecules based 

on their diffusion coefficients and, therefore, their molecular weigth, upon application of a magnetic 

gradient within the sample.47 Consequently, it can be used to selectively register the 1H NMR 

spectrum of the organic ligands tethered to the surface of QDs by setting an appropriate threshold 

to discriminate between their diffusion coefficients and those of the free, unbound molecules.50 As a 

proof of concept, Figure IV-18 plots the 1D DOSY 1H NMR spectrum of the reaction mixture of the 

same OA-coated CdSe/ZnS shown in Figure IV-17, which is compared to that of free oleic acid. 

Clearly, the same spectral features observed by regular 1H NMR upon repetitive washing steps (i.e. 

H-9
H-10

H-2 H-8
H-11 H-3

H-18

H-(4-7)
H-(12-17)

initial

1st   wash

2nd   wash

3rd   wash

Free OA
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broadening and even disappearance of QD-bound OA signals) are directly revealed in this case by 

DOSY NMR experiments without the need for extensive QD purification. 

 
Figure IV-18. Comparison between the 1D DOSY NMR spectrum (CDCl3, 400 MHz) of non-washed OA-
coated core/shell CdSe/ZnS QDs and free OA 1H NMR spectrum. 

 Among all OA-coated QDs synthesized and purified in this work, only four of them were 

selected to conduct further experiments of ligand exchange and SPAAC-induced heteroaggregation. 

Three of these QDs were core/shell CdSe/ZnS nanocrystals (QD1OA-QD3OA) of different 

composition and sizes and, thus, distinct optical properties. The fourth was a pure core CdSe QD 

(QD4OA). Table IV-2 summarizes the experimental conditions used for the preparation of these QDs 

as well as their main morphological and optical properties. In addition, Figure IV-19 shows 

representative TEM images of these nanocrystals and size distribution histograms, while Figure IV-

20 plots their absorption and luminescence spectra. 

  

OA

1D diffusion NMR experiment

1H NMR experiment

QD
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Table IV-2. Summary of the synthetic experimental conditions and properties of the OA-coated QDs 
selected for ligand exchange and heteroaggregate formation experiments. 

 QD1OA QD2OA QD3OA QD4OA 

mmol Cd 0.4 0.4 0.4 1 

mmol Se 0.4 0.061 0.2 1 

mmol Zn 4.0 4.0 4.4 - 

mmol S 3.96 4.34 4.2 - 

Reaction time 10 min 10 s 10 s 20 s 

Diameter (nm)a 9.54 ± 1.31 6.32 ± 0.91 6.10 ± 0.66 2.48 ± 0.32 

max,Abs (nm) 609 540 571 525 

 max,Em (nm) 623 550 593 532 

Diamenter core (nm)b 4.65 2.87 3.60 2.52 

Shell thickness (nm) 2.44 1.72 1.25 - 

PLQYc 0.25 0.26 0.26 0.09 

aDetermined by statistical analysis of TEM images (n = 100, errors are standard deviations of the 
mean). bCalculated from Equation IV-1, as described in the text. cDetermined in CHCl3 using PDI (fl = 
1)51 and PTDCI (fl = 1)52 as references. 

 All four QDs selected show narrow emission spectra, which confirm size homogeneity, as 

proven by the size distribution histograms in Figure IV-19. These histograms clearly illustrate that 

QD1OA-QD3OA present greater dimensions than QD4OA, which must be ascribed to (i) the presence 

of the surrounding ZnS shell, and (ii) the larger diameter of their CdSe cores, as demonstrated by 

their more red-shifted emissions (i.e. smaller HOMO-LUMO gaps). A fair estimation of the core sizes 

of QD1OA-QD3OA can be obtained by Equation IV-1 reported by Yu et al.,53 where D is the estimated 

diameter core and  is the first absorption peak in nm. 

 
             9 4 6 3 3 2D (1.6122 10 ) (2.6575 10 ) (1.6242 10 ) 0.4277 41.57  (IV-1) 

 While the large reaction time required to prepare red-emitting QD1OA accounts for its large core 

and shell dimensions, it must be noted that QD2OA and QD3OA were obtained with equivalent 

reaction times. In this case, the differences in CdSe core size and, therefore, HOMO-LUMO gaps 

arise from the distinct compositions used. As reported by Bae et al.9 and previously discussed, 

increasing the Se/(Se+Zn) ratio leads to larger CdSe cores and, consequently, red-shifted 

absorption and emission spectra (Figure IV-20). An additional difference between pure core and 

core/shell QDs is clearly shown in their absorption spectra (Figure IV-20A). Pure core QD4OA 

presents well-defined absorption bands, whereas they are much more diffuse for QD1OA-QD3OA due 

to the composition gradient of their shell. 
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may suffer from inefficient RET due to the significant thickness of their ZnS shells; (b) QD3OA-

QD4OA heteroaggregates, which should undergo much more efficient RET processes due to their 

narrow or none ZnS shells, but which will be more difficult to identify by TEM (due to the small 

dimensions of QD4OA) and might present lower PLQY. In both cases, the HOMO-LUMO gaps of 

these pairs of QDs were designed to maximize the spectral overlap between them, which is a key 

parameter to promote RET processes, as already introduced in Chapter 4 and discussed in more 

detail in section V.2.3.3. 

IV.2.2.2. Ligand exchange studies 

 Once synthesized and isolated, QD1OA-QD4OA were subjected to ligand exchange experiments 

to partially or totally replace oleic acid stabilizers with functional ligands 42-45. As previously 

discussed, these compounds present two different types of functionalities for tethering to the surface 

of the nanocrystals: (a) carboxylic acid, and (b) thiol groups. Noticeably, these moieties do not only 

present distinct binding affinities towards CdSe and CdSe/ZnS QDs, but they can also critically 

influence their optical properties. Thus, many authors have demonstrated that thiolated stabilizers 

are not good capping ligands for pure core CdSe QDs, since they lead to the formation of new 

surface trap states that cause a substantial decrease of their PLQY.54 This drawback is overcome 

when CdSe cores are protected with a ZnS shell, to which stabilizer sulfur atoms and sulfide groups 

strongly interact via dative bonds.55 On the other hand, a good alternative to thiolated stabilizers for 

CdSe QDs are carboxylate ligands, which tightly bind to the Cd2+ ions on the QD surface without 

significantly altering its luminescence properties. In view of this, we first carried out preliminary 

ligand exchange experiments to determine which the best functionality was for the binding of the 

functional ligands to the QDs selected in this work.48 In these experiments, QD1OA, QD4OA, 42 and 

43 were taken as reference systems for CdSe/ZnS and CdSe nanocrystals, and carboxylated- and 

thiolated-azide ligands, respectively. For sake of simplicity, each one of the systems resulting from 

ligand exchange will be denoted by adding the number of the ligand introduced as a subindex label 

to the QD name (e.g. QD142 for QD1OA treated with carboxylic acid 42). 

 In contrast to other stabilizers, ligand exchange processes in OA-coated QDs involving the 

introduction of new carboxylic acid or thiol stabilizers does not require any intermediate step and 

takes place directly by exposing the initial nanocrystals to a solution of the desired ligand.9,56 This 

was therefore the methodology used in this work. To start with, QD1OA-42, QD1OA-43, QD4OA-42 

and QD4OA-43 ligand exchanges were investigated by treating the nanocrystals of interest with 

different concentrations of azido-carboxylic acid 42 or azido-thiol 43 in chloroform solution, as 

shown in Figure IV-21A. 1H NMR was then used to quantify the percentage of oleic acid ligand 

exchanged with 42 or 43 by deconvolution of the broad/narrow olefinic signals after ligand 

exchange. In agreement to the reported data for similar systems,48 ligand exchange between the 

carboxylate groups of oleic acid and 42 took place almost immediately for both CdSe and CdSe/ZnS 

QDs, although it required proton transfer from the carboxylic acids introduced to the oleates 

released. By adding sufficient excess of new ligand 42, nearly quantitative removal of the initial 
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effect that was not observed when introducing carboxylic ligand 42. Surprisingly, the opposite 

behavior was observed for core/shell QD1, its PLQY increasing upon thiol 43 binding. Such a result 

had only been reported for CdSe/ZnS nanocrystals when small amounts of thiol stabilizers were 

added, which were considered to reduce the number of electron traps on their surface.57 A similar 

behavior was found in our case even when exchanging 100% of the initial oleic acid ligands, 

probably due to the very thick ZnS shell of the investigated QD (2.44 nm).55 

Table IV-3. Photoluminescent quantum yields of QD1 and QD4 
before and after oleic acid exchange by azido-carboxylic acid and 
azido-thiol ligands. 

Ligand QD1 QD4 

OA 0.25 0.09 

42a 0.18 0.13 

43a 0.33 0.05 

 a PLQY determined for ca. 50% exchanged QDs. b PLQY 
determined for ca. 100% exchanged QDs. 

 Taking into account the results of our exploratory experiments, the following ligand exchange 

processes were performed to obtain the QDs coated with functional ligands to be used for SPAAC-

induced aggregation: 

1. OA-coated core/shell CdSe/ZnS QDs with thicker ZnS layers (i.e. QD1OA and QD2OA) were 

functionalized with azido-thiolated ligand 43 and cyclooctyne-thiolated ligand 45, respectively, for 

which very large exchange efficiencies were expected (100%) without detrimental effect on 

their PLQY. However, it must be noted that only around 50% of the new stabilizer molecules 

introduced in the case of QD245 would correspond to active ligand 45, since this compound could 

only isolated as a 1:1 mixture with non-reacting species 61.  

2. In spite of preventing complete ligand exchange, OA-coated core/shell CdSe/ZnS QDs with thin 

ZnS layers and OA-coated pure core CdSe QDs (i.e. QD3OA and QD4OA) were coated with 

carboxylated compounds 44 and 42, which should allow preserving their PLQY. 
 Table IV-4 summarizes the main properties of the QD143, QD245, QD344 and QD442 resulting from these 

ligand exchange experiments. As observed in this table, both the exchange efficiencies and PLQY achieved 

are in agreement with the expected results predicted from our previous preliminary measurements. 
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Table IV-4. Final ligand exchange processes conducted and properties of the resulting 
QDs. 

 QD1 QD2 QD3 QD4 

Ligand introduced 43 45 44 42 

OA ligand exchanged (%) 95 98 45 34 

PLQY before ligand exchange 0.25 0.26 0.26 0.9 

PLQY after ligand exchange 0.33 0.25 0.44 0.13 

IV.2.3. Formation of QD-aggregates via SPAAC 

 The preparation of discrete, covalently-linked heteroaggregates of functionalized QD143 and 

QD245, and QD344 and QD442 was carried out in CHCl3 solution, room temperature and adjusting 

the concentration depending on the charaterization method used. The final outcome of the reactions 

assayed was monitored by means of 1H NMR, TEM and photoluminescence measurements, with 

which we aimed to unambiguously demonstrate (i) the formation of the desired heteroaggregates, 

and (ii) the occurrence of resonance energy transfer processes between the different QDs in the 

assemblies. 

IV.2.3.1. NMR analysis 

 Before performing 1H NMR experiments on the QD aggregates obtained, we investigated the 

SPAAC reaction between free azide and cyclooctyne ligands. Since similar results were obtained for 

both 42-44 and 43-45 ligand pairs, here we will focus on the description of the SPAAC process 

between azido and cyclooctyne carboxylic acid derivatives 42 and 44, which was conducted at room 

temperature in CHCl3 (Scheme IV-20). 

 
Scheme IV-20. Reaction conditions used to perform the SPAAC reaction between free ligands 42 and 44, 
with led to a mixture of the 1,4- and 1,5-regioisomers of the 1,3-dipolar cycloaddition process, 62a and 62b, 
respectively. 

 Reaction controls by TLC showed complete conversion of the intial azide and cyclooctyne 

moieties in 3.5 h. Subsequent analysis of the reaction crude by 1H NMR, 13C NMR, COSY NMR and 
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 In particular, we focused on 1D DOSY NMR experiments, since they allowed selective detection 

of the organic ligands tethered to the surface of the nanocrystals. Thus, Figure IV-24 and Figure IV-

25 plot the 4- to 5-ppm spectral region of the 1D DOSY NMR of M14 and M13, respectively, where 

the most relevant signals to unambiguously prove the occurrence of the SPAAC reaction between 

QDs are expected (see Figure IV-22). For sake of clarity, there are also shown in these figures: (a) 

the 1H NMR spectrum of the cycloadduct formed by reaction between the free ligands; (b) the 1H 

NMR spectrum of the free cyclooctyne moiety involved in the process; and (c) the 1D DOSY NMR 

spectrum of such ligand after binding to QDs. The NMR data of the azide ligand is not given since it 

does not show any signal in the spectral range selected. 

 We first analyzed the spectral data for M14 arising from the reaction between QD344 and QD442, 

since (i) the process was conducted with a larger amount of starting materials, and (ii) ligands 44 

and 42 had been obtained pure. Therefore, only the signals corresponding to cyclooctyne 44 and 

the product of the cycloaddition reaction should be found in the spectral area investigated, as 

indeed observed in Figure IV-24. Noticeably, the signal at 4.15 ppm arising from the unreacted 

cyclooctyne group in QD344 largely decreased in intensity in the spectrum of M14, which instead 

presents new signals at 4.31, 4.63 and 4.83 ppm that can be assigned to the cycloaddition products. 

In fact, comparison with the 1H NMR spectrum of the free cycloadduct indicates that mainly the 1,5-

regiosiomer of this compound is formed in the reaction between QDs. Surprisingly, the formation of 

this isomer seems to be favored when SPAAC takes place between ligands sitting onto the surface 

of adjacent nanocrystlas, probably due to the tight orientational requirements of this cycloaddition 

reaction.58 
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 Noticeably, individual, well-separated QDs of different sizes were mainly observed at t=0 for 

both reaction mixtures, which demonstrated that efficient nanocrystal dispersion had been achieved 

by spin-coating. As such, QD heteroaggregates detected at t=24 h could be ascribed to SPAAC-

induced assemblies. Indeed, the formation of such aggregates was observed in the TEM images of 

both M13 and M14, as clearly shown in the zoom-ins given in Figure IV-26 and Figure IV-27. 

Detailed analysis of these images allowed us concluding: 

1. QDs of different sizes were arranged in close contact in the heteroaggregates of both M13 and 

M14 (see green circles in Figure IV-26B and Figure IV-27B). In addition, their average center-to-

center distances ((10.2 ± 2.6) nm and (7.19 ± 1.31) nm, respectively) were in agreement with the 

values expected taking into account the sizes of the nanocrystals involved and the end-to-end 

lengths of the 1,5-regioisomer of the cycloadducts formed by SPAACd (9.77 and 6.18 nm, 

respectively). These are therefore clear proofs that we achieved for the first time SPAAC-

induced, covalent heteroaggregation of QDs. 

2. QD heteroaggregates containing different number and ratio of their constituent nanocrystals 

were obtained for both M13 and M14. We ascribed this result to the large population of functional 

ligands onto the QD surface, which did not enable accurate control of the extent and 

stoichiometry of the aggregation process. Nevertheless, it must be noted that only discrete QD 

heteroaggregates were observed in our TEM images and no evidence of the formation of 

massive nanocrystal assemblies was found. As next discussed, this might indicate low reaction 

probabilities between the azido and cycloctyne groups located onto the surface of different QDs. 

3. After 24 h, only partial aggregation of the QDs was achieved and the presence of individual, non-

reacted nanocrystals was also observed for both M13 and M14 by TEM (see red circles in Figure 

IV-26B and Figure IV-27B). This is in contrast to the NMR data shown in the previous section, 

where nearly complete disappearance of the signals corresponding to QD-bound, unreacted 

cyclooctyne moieties was observed. Provided that impurity 60 did remain tethered to the 

nanocrystal surface in M13 after SPAAC, QD-unbinding of the reactive ligands during the 

cycloaddition process can hardly account for the NMR result, the reason for which is still not 

clear to us.e Actually, from the statistical analysis of several electron microscopy images, we 

determined that the 73 % of QD143 and the 77 % of QD344 had reacted to form nanocrystal 

heteroaggregates in M13 and M14, respectively. This result indicates that the reaction between 

these two ligands took place with high probabilities and the steric congestion around the reactive 

functional groups in the close-packed monolayers of molecules coating the nanocrystals and/or 

                                                           

d The end-to-end distances of the 1,5-regioisomer of the cycloaddition between ligands 43-45 and 42-44 were 
determined upon geometrical optimization at the MM2 calculation level with ChemBioOffice 2010. 
e Other factors such as the difference in concentration and reactant ratio between the samples analyzed by 1H NMR and 
TEM could explain the discrepancies observed for the results obtained with these techniques. 



Chapter IV 
New functional ligands for quantum dot assembly  Results and discussion 

 

 

109 
 

the limited relative mobilities of QD-bound ligands with respect to those in free solution do not 

influence the tight conformational and orientational requirements of SPAAC.58 

 
Figure IV-26. TEM images of M13 at (A) t = 0 h and (B-D) t = 24 h. Red and green circles in (B) indicate 
isolated and aggregated QDs, respectively. 

 
Figure IV-27. TEM images of M14 at (A) t = 0 h and (B-D) t = 24 h. Red and green circles in (B) indicate 
isolated and aggregated QDs, respectively. 
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 As discussed in chapter IV, RET is a non-radiative dipole-dipole mechanism through which 

electronic excitation energy can take place on the nanoscale from high excitation energy donors (in 

our case, QD245 in M13 and QD442 in M14) towards lower excitation energy acceptors (QD143 in 

M13 and QD344 in M14). When both species are luminescent, this should therefore result in 

quenching of the donor emission and enhancement of the acceptor emission, as observed in Figure 

IV-28. Based on these spectral changes, RET efficiency can be easily calculated using Equation 

(IV-2), where ID and IDA are the emission intensities of the donor in the absence or presence of the 

acceptor (in our case, at t=0 and 24 h, respectively): 

 
  DA

D

I
E 1

I  (IV-2) 

 By spectrally decomposing the photoluminescence measurements in Figure IV-28 and 

selectively integrating the emission intensity arisen from QD245 and QD442, the following RET 

efficiencies were calculated: 22 and 17 % for M13 and M14, respectively. It must be noted that 

these values significantly underestimate the actual resonance energy transfer efficiencies in the 

heteroaggregates prepared, since a large amount of individual, non-reacted QDs were still observed 

in the reaction mixtures at t=24 h. Since negligible energy transfer processes were expected for 

those QDs owing to the high dilution conditions at which photoluminescence measurements were 

conducted, a more accurate estimation of the RET efficiencies in M13 and M14 was obtained by 

taking into account the reaction efficiencies determined by means of TEM and applying Equation IV-

3, where Xb corresponds to the molar fraction of bonded QD245 or QD442: 

 
 


DA

b b D

I1
E

X X I  (IV-3) 

 In this way, resonance energy transfer efficiencies were finally determined to be 29 % and 85 % 

for M13 and M14, respectively. To investigate the large difference in experimental RET efficiencies 

found for M13 and M14, a theoretical estimation was made according to equations III-1 and III-2 in 

Chapter III, which allowed calculation, first, of the Förster radius of each acceptor-donor pair and, 

finally, of the expected energy transfer efficiencies. To apply these equations, molar absorption 

coefficients of the donor QDs had to be first estimated using expression IV-4, where D is the core 

diameter of the nanocrystal of interest (see Table IV-2):48 

 
2.655857 D    (IV-4) 

 Next, the spectral overlap between donor emission and acceptor absorption was determined 

from Figure IV-29 and used together with donor PLQY to calculate the following R0 values: 4.09 and 

3.94 nm for M13 and M14, respectively, assuming random orientation of the transition dipoles (2 = 
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2/3) (Table IV-5). Clearly, both materials exhibited very similar Förster radii, which meant that 

differences in RET efficiency could be directly ascribed to distinct QD separation distances in the 

heteroaggregates. 

Table IV-5. Data for the theoretical determination of R0 and E for M13 and M14. 

 Acceptror Donor J R0 (nm) rQD (nm) E (%) 

M13 95879.78 0.25 2.10·10-13 4.09 6.00 9 

M14 72715.23 0.13 3.23·10-13 3.94 3.14 80 

 

 

 In view of this, estimates of the CdSe core-to-core distance (rQD) between adjacent QDs in M13 

and M14 were performed using the shell dimensions of the nanocrystals (see Table IV-2) and the 

average QD separation measured from TEM images (see section V.2.3.2). In this way, rQD= 6.00 

and 3.14 nm were determined for the donor-acceptor pairs in M13 and M14, which finally allowed 

calculation of the predicted RET efficiencies for both materials: E= 9 and 80 % (Table IV-5). 

Although these values somewhat underestimated the experimental RET efficiencies determined for 

M13, they clearly proved that: (a) resonance energy transfer processes should occur between 

different QDs in the heteroaggregates of M13 and M14, and (b) larger RET efficiencies should be 

exhibited by M14 based on adjacent QD separation, as experimentally observed. 

 A further proof of the occurrence of energy transfer processes in M13 and M14 was obtained by 

means of photoluminescence lifetime experiments. Figure IV-30 shows the emission time decays at 

t=0 and 24 h of the high band gap QDs in the reaction mixtures prepared for the synthesis of M13 

and M14 (i.e. the energy donors QD245 and QD442). In all cases, non-monoexponential decay 

curves were measured, a feature that has been previously reported for both pure core CdSe59 and 

gradient core/shell CdSe/ZnS60 QDs and has been ascribed to the recombinations of delocalized 

exciton in the internal core states and localized exciton in the surface states.61 In our case, tentative 

biexponential fits of these time profiles were attempted, which reasonably reproduced the 

experimental data and revealed the occurrence of fast and slow decay components (Table IV-6). 

The kinetic data retrieved for such fast component should however be only taken as rough 

estimates of the actual values, because in all cases it presented shorter lifetimes (1 > 2.5 ns) than 

the instrumental response function of our measurements (laser pulse width  6 ns). 
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IV.3. CONCLUSIONS 

 In this chapter, strain-promoted azido alkyne cycloaddition was explored as a new methodology 

to prepare for the first time discrete, covalently-linked heteroaggregates of QDs. For this purpose, 

the following experiments were conducted: 

1. Four different functional ligands were synthesized to promote SPAAC-induced QD assembly: 

compounds 42 (1 step, 99 % yield), 43 (4 steps, 60 % yield), 44 (3 steps, 37 % yield) and 45 

(50% purity in 5 steps and with a 4 % yield). These ligands present both different terminal 

moieties for QD-tethering (42, 44: carboxylic acid; 43, 45: thiol) and mutually reactive groups 

enabling Cu-free 1,3-dipolar cycloaddition at room temperature (42, 43: azide; 44, 45: 

cyclooctyne). 

2. Four different oleic acid-coated QDs were prepared: 3 core/shell CdSe/ZnS (QD1OA-QD3OA) and 

1 pure core CdSe (QD4OA) nanocrystals. Their optical properties and sizes were chosen to favor 

identification of the QD heteroaggregates formed via SPAAC and enable excited state energy 

transfer processes in the resulting assemblies. 

3. Oleic acid ligands in the QDs were exchanged by the functionalized ligands. After optimization of 

exchange conditions, an average of 40 % and 96 % of carboxylated ligands and thiolated ligands 

were introduced in the nanocrystal surface, respectively. This led to stable colloidal QDs 

functionalized with azide (QD143, QD442) and cyclooctyne (QD245 and QD344) reactive groups. 

4. Pairs of the functionalized QDs, QD143-QD245 and QD344-QD442, were mixed to promote SPAAC 

reaction to form QD-heteroaggegates M13 and M14, respectively. Both materials were analyzed 

by NMR, TEM and photoluminescence techniques that clearly showed selective reactivity 

between azide and cyclooctyne groups leading to nanocrystal assembly. According to total 

reactivity observed by NMR, high reaction efficiencies were determined by TEM (73 % for M13 

and 77 % for M14). Moreover, energy transfer processes were observed for both materials with 

efficiencies of 29 % and 85 %, respectively. Separation between the core of the nanocrystals 

plays an important role in these processes, which can be modulated by rationally tuning the size 

of the capping shell. 

 In conclusion, we demonstrated in this chapter the SPAAC-induced formation of QD 

heteroaggregates that displayed RET efficiencies as high as 82 % between different, adjacent 

nanocrystals by properly tuning the separation between their emissive cores. This opens up the 

door for future application of this methodology to the construction of 1D assemblies of well-ordered 

QDs that could behave as photonic wires for the efficient and unidirectional transport of excitation 

energy on the nanoscale. 
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