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Abstract 

 
Here we present a simple and flexible method for the synthesis MSA-

capped CdTe QDs by coacervation with oppositely charged 

polyelectrolyte, poly(diallyldimethylammonium chloride) PDADMAC.  

A continuous series of different phases, from initially clear (C1) to 

turbid (T1) then precipitate (P), turbid (T2) and clear (C2) has been 

observed for QD solution upon increasing the concentration of 

polyelectrolyte solution. However, no such variation is observed in case 

of neutral PVP (Polyvinylpyrrolidone), indicating specific electrostatic 

interaction behind the observed phase behaviours.  The morphologies 

and photoluminescence properties of the coacervates in the T1 and T2 

regions were explored using field emission scanning electron 

microscopy (FESEM). These luminescent coacervates are quite stable 

in neutral and basic pH (pH- 6.7- 10), whilst, very much unstable in 

acidic pH (pH- 3-5). Ionic strength study of T1 and T2 region is carried 

out with NaCl. We have further demonstrated the efficient 

encapsulation of dyes and proteins – FITC, Rhodamine 6G, Nile blue, 

HSA and BSA into the colloidal droplets without any structural 

disruption. A simple system for encapsulation like the one presented 

here might be useful for a range of different application such as drug 

delivery, bioimaging and sensing. 
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Chapter 1 

 

Introduction  

In this modern society the technological advancements are 

proceeding with an outstanding pace which is unequalled by any 

previous historical era. However, continuation of such advances places 

extensive amount of pressure on scientists and demands new discovery 

and development of new and improved technologies, materials, 

medicines, devices, etc. The fields of nanoscience and nanotechnology 

are focused mainly on materials in the nanoscale, i.e., in the dimension 

less than 100 nm. These small sizes are expected to increase the ratio of 

surface area to volume of the nanostructure materials, which in turn 

increases the interfacial surface area. [1] Two primary techniques for 

preparing nanoscale materials are bottom-up and top-down. The 

bottom-up method uses small building blocks as starting materials and 

muster them into larger structures. Some examples of bottom-up 

method includes chemical synthesis, [2, 3] laser-induced assembly, 

[4,5] self-assembly, [6] colloidal aggregation, [7] In the top-down 

method bigger objects are modified to give smaller In the top-down 

approach large objects are modified to give smaller features by 

destructing a section of the actual structure.  

1 

1.1. Quantum Dots 

        Focussing on the semiconductor materials within nanoscale 

dimension in recent researches have led to the production of an 

interesting class of novel materials which possess characteristic features 

of both bulk and molecular semiconductors. These are nanocrystalline 

semiconductor materials that show properties such as quantum 

confinement, and are thus referred to as ‘Quantum Dots’. Quantum dots 

are gaining booming scientific interest due to their unique optical and 
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electrical properties and advancement in synthetic approaches. These 

advances have resulted in many applications in case of biology, [8-11] 

biosensing, [12-14] and optoelectronics. [15] Quantum dots are 

generally semiconductor nanocrystals or nanoparticles in which 

excitons (electron and electron-hole pair) are confined in all three 

spatial dimensions.   

 

1.1.1. Quantum confinement effect 

Quantum confinement effect is generally observed when the radii of the 

nanocrystal is smaller than the average distance between the electron 

and the electron hole, commonly known as the bulk excitonic Bohr 

radius.  A useful model to understand the electronic states of these 

spherical nanocrystals, is the particle in a box. The electron and the hole 

are constricted into a relatively small space by a potential that is infinite 

at the nanocrystal surface. As a result, semiconductors of nanoscopic 

dimensions have larger band gaps than bulk material, and have discrete 

energy levels (Figure 1.2). [16-27] such features are characteristic of the 

molecular regime rather than the bulk. The intermediate nature of 

quantum dots, with characteristics of both bulk and molecular materials, 

explains the enthusiasm that drives the exploration of quantum dot 

based applications. 

 

Figure 1.2. Schematic comparison of electronic states of bulk 

semiconductor vs. quantum dots   

LUMO 

HOMO 

Nanocrystal 

Eg 

Conduction 

Band  

Valence 
Band  

Bulk Eg 

Bulk semiconductor 
Semiconductor Nanocrystal 
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1.2. Polyelectrolytes 

       Polymer materials are widely used in all aspects of our lives. Rapid 

development of polymer research contributes to amount of meaningful 

applications, such as in the region of batteries [28-29] and hydrogels 

[30, 31, 32]. These are simply water soluble polymer which carries 

ionic charge along the polymer chain and are commonly used in the 

research of complex coacervation. They are defined as linear 

macromolecule chains bearing a large number of chargeable groups and 

usually dissolved in polar solvent, generally water [33]. In positively 

(or negatively) charged polyelectrolyte solution, a single species 

polymer with random polydispersity and one species of counter-ions 

which are small ions with oppositely charged sign to that of 

macromolecular charge are present [33]. The charge of counter-ion and 

macromolecule must be in equivalent order to attain the condition of 

electroneutrality [34]. Depending upon the degree of charging, 

polyelectrolyte can be divided into two types, including strong 

polyelectrolyte which completely dissociates in solution and weak 

polyelectrolyte which is partially charged in solution. The structures of 

some broadly used strong polyelectrolytes and weak polyelectrolytes 

are illustrated in the Figure 1.2. Polyelectrolyte has many applications, 

mostly related to providing surface charge to neutral particles leading to 

well-dispersion in aqueous solution. Due to specific properties, 

polyelectrolytes are often used as emulsifiers, conditioners, Thickening 

agent, dispersant, suspension stabilizer, adhesive, soil conditioner, 

paper strengthening agent, fabric antistatic agent and so on. 

 

  



4 
 

 

Figure 1.2: Structural representation of Poly(diallyldimethylammonium 

chloride) (PDADMAC); Poly(sodium-4-styrenesulfonate) (PSP); 

Poly(acrylic acid) (PAA); Polyethylenimine (PEI). 

 
1.2.1. Poly(diallyldimethylammonium chloride) (PDADMAC) 

          Poly(diallyldimethylammonium chloride) also known as 

polyDADMAC or polyDDA is a homopolymer of 

diallyldimethylammonium chloride (DADMAC). It is a high charge 

density cationic polyelectrolyte. The monomer DADMAC is obtained 

by reacting two equivalents of allyl chloride with that of 

dimethylamine. PDADMAC is synthesized by radical polymerization 

of DADMAC with an organic peroxide used as catalyst. When 

polymerizing DADMAC two polymeric structures are possible: N-
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substituted piperidine structure or N-substituted pyrrolidine structure, 

out of which pyrrolidine structure is favoured. [21] 

 

 

Figure 1.3: Polymerisation of PolyDADMAC (with respect to 

pyrrolidine structure) 

 

As we know that coacervation, also known as phase separation, is a 

process of separation of a liquid phase coating material from a 

polymeric solution and wrapping of that phase as a uniform layer 

around suspended core particles, we have applied this technique to 

fabricate a new class luminescent hybrid coacervate droplets from CdTe 

quantum dots (QDs) and poly(diallyldimethylammonium chloride) 

(PDADMAC) aqueous mixture. The stability of these hybrid colloidal 

droplets has been explored by a wide range of factors such as 

composition, pH, and ionic strength. The present study can be easily 

extended to create a variety of hybrid droplets with various inorganic 

organic counterparts having unique optoelectronic properties, which 

will further expand their applicability in nanocatalysis, bioimaging and 

biosensing. 
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Chapter 2 

 

Experimental Section 

 

2.1 Materials used 

 

         For the synthesis CdTe Quantum Dots, Cadmium chloride 

Sodium tellurite (Na2TeO3), Tri-sodium citrate (Na3C6H5O7.2H2O), 

Mercaptosuccinic acid (MSA) (C4H6O4S) Sigma-Aldrich, St. Louis, 

MO, USA and Sodium Borohydride (NaBH4) were purchased from 

SRL. Hydrochloric acid (HCl), Sodium hydroxide (NaOH) and Sodium 

chloride (NaCl). Rhodamine 6G, Nile blue, fluorescein isothiocyanate 

(FITC), Human Serum Albumin (HSA), Bovine Serum Albumin 

(BSA), Polyvinylpyrrolidone (PVP, MW = 40 000), hellmanex III, Pur-

A- Lyzer dialysis kit (molecular weight cut-off 3.5 kDa), purchased 

from Sigma-Aldrich. Mili-Q water was obtained from a Millipore water 

purifier system (Mili-Q integral).    

 

2.2. Synthesis of MSA-capped CdTe QDs 

The MSA-capped CdTe QDs are synthesized by a previously 

reported method. [35-36].The synthesis is carried out by diluting CdCl2 

(22.4 mg, in 4mL) into a one-necked round bottom flask. With constant 

stirring and maintain room temperature, tri-sodium citrate (100mg), 

sodium tellurite (2.20 mg, 1mL), MSA (50mg) and NaBH4 (100mg) 

were added. When the colour of the solution turns greenish the RB is 

attached to a condenser and refluxed for approx. 20mins keeping the 

temperature constant. The resulting QDs were then purified by dialysis 

for 24 h. The final product was kept in the dark at 4°C and for further 

use. The size and concentration of CdTe QDs were calculated by the 

equation proposed by Peng. [40] 
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Figure 2.1: The synthesis procedure of MSA-capped CdTe QDs 

 

2.3. Instrumentation 

 The spectra for UV-Vis were carried out in a quartz cuvette 

(10×10mm2) by using a Varian UV-Visible spectrophotometer 

(Carry 100 Bio). 

 Photoluminescence (PL) spectra were carried out using a 

Fluoromax-4 Spectrofluorometer (HORIBA Jobin Yvon, model 

FM-100) with excitation and emission slit width at 5nm. All the 

measurements were performed at room temperature.  

 Fourier Transform Infrared (FTIR) measurements were recorded 

in a Bruker spectrometer (Tensor-27) on a thin film of KBr 

made into small transparent pellet. 

 Atomic Force Microscopy (AFM), images were taken on a clean 

glass coverslip using AIST-NT microscope (model SmartSPM-

1000). The sample was drop-casted onto each slide. 

 

2.4. Preparation of QD-Poly(diallyldimethyl-ammonium 

chloride) solution and Quantum yield estimation.  

 

Different binary mixtures of QDs and PDADMAC were prepared in 

Milli-Q, keeping the overall concentration of QDs fixed at 0.33 μM, 

while the concentration of PDADMAC was varied from 1.3-5000 μM. 

All the binary mixtures were incubated for 12 h before any further 

measurements. Similarly, binary mixtures of QDs-PVP were prepared 

Mercaptosuccinic 

acid 
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using different concentrations of PVP into 0.33 μM aqueous solutions 

of QDs. The pH of the solution was balanced by adding proper amount 

of stock solution of HCl and NaOH into the binary mixture. The ionic 

strength was varied by adding proper amount of stock solution of NaCl 

(1M) into the binary mixture. The luminescence quantum yield (QY) of 

CdTe QDs was estimated relative to Rhodamine 6G (ϕf = 0.95) in water 

by using the following equation: 

 

𝜙QD =  𝜙ST   (
𝐼QD

𝐼ST
) (

𝜂 QD
       2

𝜂 ST
       2) (

𝐴ST

𝐴QD
)                                            (1) 

where ϕ is Quantum Yield, I is the integrated fluorescence intensity, η 

is the refractive index of the solvent, and A is the optical density. The 

subscript ‘ST’ stands for standard and ‘QD’ stands for the CdTe QDs 

sample. The estimated luminescence Quantum yield of QD is 0.20. 
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Chapter 3 

 

Result and Discussion 

 

3.1 Characterization of MSA-capped CdTe QDs 
 

        The as synthesized CdTe QDs are characterized using UV–vis, 

Fluorimeter, SEM and FTIR spectroscopic techniques. Figure 3.1 (A) 

and (B) shows the absorption and emission spectra of MSA-capped 

CdTe Quantum Dot 

 

Figure 3.1: (A) Absorption and (B) Photoluminescence (PL) spectra of 

green QDs. (C) FTIR spectra of as prepared MSA capped CdTe 

Quantum dot. (D) AFM image of CdTe Quantum Dots. 
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The broad absorption spectrum in Figure 3.1 (A) is characterized by 

exciton band maximum at 490 nm. The mean size of the QDs was 

calculated from Peng equation [40] and was found to be 2 nm. The 

emission spectrum in Figure 3.1 (B) shows a PL band maximum at 

525nm. To confirm that MSA ligand has attached covalently to the 

surface of QDs, FTIR spectroscopy was performed. The characteristic 

peak observed at 2500 cm-1 is that of S-Hstretch
 vibration of the free 

MSA ligand. This S-Hstretch peak (bottom spectra) disappears after MSA 

gets covalently attached to the surface of the QD through its free thiol. 

The broad absorption peak observed at 3432 cm−1 is due to O-

Hstretch vibration, the absorption band at 1550-1600 cm-1 due to C=O 

vibration was observed in case of both the free MSA ligand and after it 

got attached to the QDs surface. 

 

3.2. Phase behaviour of the binary mixture of CdTe QD 

and oppositely charged polyelectrolyte solution of 

PDADMAC. 

 

A continuous phase sequence from clear C1 to turbid T1, 

precipitate P, turbid T2 and to clear C2 is observed when QD is mixed 

with oppositely charged PDADMAC polymer in the range from 1.3-

5000 µM. Figure 3.2 (A) is a diagrammatical representation of all the 

concentration of polymer falling under the three phases Clear, Turbid 

and Precipitate. The initial few concentrations are clear and isotropic in 

nature, later it turns turbid then precipitate, again turns turbid and 

finally clear as the concentration of polymer is increased gradually. 

However the concentration of QD is kept constant at 0.33 µM. Figure 

3.2 (B), shows the plot of turbidity against different molar 

concentration of PDADMAC. The two highest points in the graph 

represents the concentration at which the solution becomes turbid.  
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Figure 3.2: (A) Phase behaviour of the binary mixtures as a function of 

PDADMAC concentration. (B) Turbidity Vs [PDADMAC] plot with 

molar concentration of PDADMAC in the binary mixture.  

  

 

3.3. PL behaviour of GQD-PDADMAC binary mixture in 

the C1 and C2 region. 

 

Aqueous solutions of QDs and PDADMAC were mixed in to 

prepare different binary mixtures. The overall concentration of QD was 

kept constant at 0.33 M, while that of PDADMAC was varied in the 

range of 1.3-5000 M. All the binary mixtures were incubated for 12 h 

before further measurements. The binary mixtures at the initial  

PDADMAC concentrations (1.3-19.2 μM) are all isotropic. The 

absorption peak of QD remains almost same, while the absorption band 

gets broaden. 
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Figure 3.3: Variation in the (A) absorption spectra, (B) PL spectra 

(λex = 450 nm), for the initial concentration of PDADMAC and. (C) 

FESEM image of QD-PDADMAC binary mixture in C1 region. 

 

Notable changes have been observed in the PL spectrum of QD-

PDADMAC binary mixture (Figure 3.3 b). The peak position of QD in 

the PL spectra shifts from 523 to 531 nm upon addition of 5.2 μM 

(blue line) of PDADMAC with a red shift of 8 nm. The intensity of QD 

also decreases upon addition of 5.2 μM of PDADMAC. Similar red-

shift with decrease in PL intensity has been observed in the presence of 

different concentrations of PDADMAC in the range of 1.3-19.2 μM.  

The FESEM image of the binary mixture at 5.2 μM of PDADMAC 

(C1) reveals the formation of QD-PDADMAC nanocomposites (Figure 

3.3.D). The red shift observed at the initial C1 is due to formation of 

some kind of aggregates. The significant quenching of the PL intensity 

is due to   exciton-exciton coupling between two different QDs at close 

proximity in the nanocomposite formed. To clearly have an insight of 

the nature of interaction between QD-PDADMAC, controlled 

experiment of QD with neutral Polyvinylpyrrolidone (PVP) is carried 

out, where it is seen that the intensity ratio is almost negligible at 

different PVP concentration. 

(C) 
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Figure 3.4: (A) Absorption spectra of QD-PVP binary mixture (B) 

Intensity ratio Vs PVP (mM). 

 

3.4. Formation of Coacervation and colloidal droplets  
 

In the T1 and T2 regions of the binary mixture the appearance of 

turbidity indicates self-assembled structure. (Figure 3.5.) 

 

Figure 3.5:  FESEM images of the binary mixtures in the (A) T1, and 

(B) T2 regions of the phase profile. 

The QD-PDADMAC binary mixutre shows turbidity profile in the 

range 22.4-160µM. We have focused mainly on the T1 (25.6 M) and 

T2 (130.0 M ) regions of the binary mixture. The turbidity is more in 

2µm 

(A) 

2µm 

(B) 

(A) (B) 
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the T2 region as compared to those in the T1 region. FESEM image in 

the T1 region [Figure 3.5. (A)], shows distinct spherical droplets with 

mean size of 383.9±17.9 nm, while the droplets in the T2 region are 

much larger with mean size of 590.8±23.8 nm [Figure 3.5. (B)]. Hence, 

the higher turbidity is due to the formation of larger self-assembled 

aggregates in the T2 region compared to the droplets in T1 region.  

 

3.5. The effect of pH variation and ionic strength on the 

colloidal droplets formed in T1 and T2 region.  
 

The interaction between two molecules and the nature of the 

complex formed between them is affected by different factors such as 

pH, ionic strength, concentration etc. Figure 3.6, shows the absorption 

spectra of variation of pH and ionic strength in T1 and T2 region. 

 

Figure 3.6: (A) (i) Photographs of QD-PDADMAC binary mixture at 

pH-3 and pH-10 (ii) Salt solution at different concentration ionic (B) 

variation in the turbidity of the binary mixture with respect to pH in the 

(A) 

     (i) 
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T1 and T2 regions. (C) variation in the turbidity of the binary mixture 

as a function of NaCl in the T1 and T2 regions.   

Turbidity is calculated by the following formulae:  

                         T = 100 – (100×A-O.D.)                                             (2) 

Where, absorbance, A is taken at 650nm. 

The binary mixtures in the T1 and T2 regions remain turbid in the pH 

range of 6.0 -10.0, while, they become clear at lower acidic pH (3.0-

5.5). The plots of turbidity against pH of the medium for T1 and T2 

regions shows a critical coacervation at ph-6.7. The observed 

disassembly at lower pH is due to the protonation of carboxylate groups 

of MSA ligands (pKa~ 4.19 and 5.64) at the surface of QD, which 

weakens the electrostatic interactions of the QDs with positively 

charged PDADMAC.[29]  Similarly, the turbidity of the binary 

mixtures in the T1 and T2 region decreases slowly with increasing the 

ionic strength of the medium at lower concentrations of NaCl, followed 

by a steady decrease at higher NaCl concentrations indicating efficient 

screening of the electrostatic interaction in the binary mixtures. The plot 

[Figure 3.6. (C)] shows a critical salt concentration of 120 mM for the 

coacervation process. 

 

3.6. Determining partition coefficient of dyes and proteins 

into coacervate droplets. 

 

The preferential sequestration of organic dyes and biomolecules by 

the coacervate droplets is estimated by calculating the equilibrium 

partition coefficient, Table 1. The QDs and T2 (130.0 μM) of 

PDADMAC was centrifuged at 10000 rpm for 30 min to separate the 

coacervate residue and the supernatant. The supernatant was discarded 

and the residue was redispersed in Milli-Q water. Stock solutions of 

different dyes and proteins were prepared in Milli-Q water. The 

required volume from these stock solutions was added to the coacervate 



18 
 

solution to prepare the final concentrations of 2.0 μM (FITC), 20.0 μM 

(Rh6G), 1.0 μM (Nile blue), 59 μM (HSA), and 47.0 μM (BSA). These 

mixtures were kept for equilibrated for atleast 12h. Afterwards, these 

mixtures were again centrifuged at 10000 rpm for 30 min to separate 

the supernatant from the coacervate residue. The concentrations of dyes 

and proteins in the supernatant were determined using UV–vis 

spectroscopy. The partition coefficient (K) was calculated by the taking 

the ratio of the concentrations of dyes/proteins loaded in coacervates to 

the concentrations of dyes/proteins present in the supernatant 

 

.Figure3.7: Absorption spectra of a) FITC, b) Rhodamine 6G, c) Nile 

blue, d) HSA and e) BSA with T2 (130 µM). The black represents the 

dyes and protein in aqueous solution. 

a) b) 

c) 

d) e) 
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Absorption spectra of both free and encapsulated dyes and proteins 

were taken. Generally, the absorption of the encapsulated molecule is 

same (if loading is 100%) or less than its free form. In this case, the 

absorbance of encapsulated dyes and proteins is less than its free form. 

The observed peaks in the beginning disappears after addition of 

aqueous solutions of the different dyes and proteins to the QD-

PDADMAC binary mixture. This result suggest that the dyes and 

proteins are incorporated efficiently into the coacervate droplets via 

electrostatic interaction between these dyes/protein and the polymer 

without any structural disruption. 

Table 1. Estimated partition coefficients (K) of dyes and proteins inside 

coacervate droplets (T2 region). 

Systems Concentration used  K 

FITC 2µM 10.6 ± 2.5 

Rh6g 20 µM 9.0 ± 1.6 

Nile blue 1 µM 136.0 ± 25.0 

HSA 59 µM 34.1 ± 6.5 

BSA 47 µM 35.0 ± 7.0 
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Chapter 4 

 

Conclusion 

 

In conclusion, using different types of spectroscopic techniques, we 

present the formation of self-assembled nanocomposites. These self-

assembled nanocomposites are activated by the association of 

negetively charged CdTe QDs with positively charged PDADMAC to 

form spherical coacervate droplets in aqueous medium. The 

nanocomposites that are formed are stable in a wide range of 

composition, pH and ionic strength.  Also, we present here a method for 

encapsulating dyes, such as FITC, Rhodamine 6G, Nile blue and 

proteins like HSA and BSA via the electrostatic interaction of the 

charged species. The unique luminescence properties observed for these 

droplets may have profound implications in various applications such as 

bioimaging, sensing, and light-emitting devices. 
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