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ABSTRACT OF THIS DISSERTATIO� 

COLLOIDAL CADMIUM SELENIDE QUANTUM NANOWIRES: SYNTHESIS, 

PHOTO-INDUCED PHOTOLUMINESCENCE ENHANCEMENT, AND 

FABRICATION OF CORE/SHELL, WATER-DISPERSIBLE STRUCTURES 

 

by 

Rui Tang 

Doctor of Philosophy in Chemistry 

Washington University in St. Louis, 2009 

Professor William E. Buhro, Chair 

 

 The goal of this project is to apply the solution-liquid-solid (SLS) mechanism 

developed in our group to optimize the growth of colloidal CdSe semiconductor 

nanowires (NWs) with rationally controlled composition, diameter, structure, and 

morpology.  Bi nanoparticles are used to catalyze the CdSe nanowire growth in the 

coordinating solvent tri-n-octylphosphine oxide (TOPO). The availability of high quality 

CdSe quantum wires with both good morphology control and emission efficiency allow 

us to investigate the quantum-confinement effect in one dimensional (1D) semiconductor 

quantum structures. 

           High quality wurtzite CdSe quantum nanowires have been successfully 

synthesized with controlled diameters in the range of 5-16 nm. The best synthetic 

conditions are determined by varying precursors, amounts, ratios, and beneficial additives. 

The diameter control of the CdSe NWs is achieved by choosing different Bi nanoparticle 
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sizes and reaction temperatures. The size dependence of the effective bandgaps in the 

CdSe quantum wires are determined from the absorption spectra.   

         The impurities in different batches of commercial TOPO significantly influence the 

rates of nanocrystal formation, the nanocrystal morphologies, and the reproducibilities of 

CdSe nanowire syntheses. By studying the effects of the different impurities on the 

syntheses of the CdSe NWs, the important beneficial impurity dioctylphosphinic acid 

(DOPA) is proven to be critical for high quality nanowire formation. Now the use of 

purified TOPO with controlled amounts of specific additives will allow rational and 

reproducible nanocrystal syntheses. 

            The as-prepared CdSe quantum wires dispersed in organic solvents undergo a 

photo-induced photoluminescence enhancement when illuminated under fluorescent 

lighting. This process is investigated with different light intensities, various additives, and 

various solvents. The partial reversibility of the photo-enhancement effect is observed. 

The quantum yields of CdSe NWs are carefully calculated. The PL quantum yield of 

photo-enhanced NWs is improved to ~ 10% from the original 0.2%. 

           Type I CdSe/CdS and CdSe/ZnS core/shell nanowires are successfully fabricated 

via epitaxial growth. The optical properties of the core/shell structures are investigated. 

The PL quantum yield of the core/shell structures is enhanced to ~ 10%. Water-

dispersible CdSe quantum wires, such as PEI-coated, PEG-phosphine-oxide coated and 

CdSe/SiO2 core/shell structures, are also successfully synthesized. These structures will 

allow the applications of semiconductor quantum wires in biological systems.
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              This dissertation reports an optimized low-temperature solution-liquid-

solid (SLS) process for synthesizing diameter-controlled single-crystalline 

semiconductor nanowires of CdSe (Chapter 1). By identifying and studying the 

effects of various impurities in commercial tri-n-octylphosphine oxide (TOPO), 

the essential beneficial impurity di-n-octylphosphinic acid (DOPA) was identified. 

Adding DOPA as a reagent in the synthesis resolved the irreproducibility in the 

formation of high-quality CdSe quantum-wires (Chapter 2). When the as-prepared 

CdSe nanowires with poor photoluminescence (PL) quantum efficiency were 

illuminated under fluorescent light, a proposed photo-induced surface 

reconstruction occurred spontaneously. This photo-induced PL enhancement 

process improved the PL quantum yield of CdSe nanowires up to 10% (Chapter 

3). The syntheses of CdSe/CdS, CdSe/ZnS type-I core/shell structures with 

improved PL quantum yield are reported (Chapter 4). The syntheses of water-

dispersible PEI (hyperbranched polyethylenimine) or PEG [poly(ethylene 

glycol)]-phosphine oxide polymer-coated CdSe nanowires and CdSe/SiO2 

core/shell structures are also reported (Chapter 4).   

               Nanoscience and technology is a field that is focused on: 1) the 

development of synthetic methods and surface analytical tools for building 

structures and materials on the sub-100 nanometer scale, 2) the identification and 

the improvement of the chemical and physical properties of these structures and 

materials, and 3) the use of such properties in the development of novel and 

functional devices and applications.  Dimensionality plays a critical role in 

determining the properties of nanomaterials due to, for example, the different 
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Q. well (1D) 

Q. wire (2D) 

 

 

Q. dot (3D) 

Bulk 
 

ways that electrons interact in three-dimensional, two-dimensional (2D), and one-

dimensional (1D) structures. The study of dimensionality has a long history in 

chemistry and physics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I-1.  The dimesionality of confinement and its effects on the density of 

states. 
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             The quantum-confinement effect in semiconductors results from the 

geometric confinement of electrons and holes.
1
 The normal size of an exciton in a 

large (bulk) crystal, expressed as an exciton Bohr radius, provides an approximate 

dimension for onset of quantum confinement effects.
1
 When an electron-hole pair 

is squeezed into a nanocrystal with one or more dimensions approaching the bulk 

exciton Bohr radius, the effective bandgap of the semiconductor increases. The 

smaller the nanocrystal, the larger the effective bandgap, and the greater the 

energy of optical emission resulting from electron-hole recombination. However, 

the degree of the band-gap increases with reduced size is different for quantum 

wells, quantum wires, and quantum dots. As is shown in Figure I-1, the density of 

states changes from being continuous at all energies for a bulk material to discrete 

energy levels for a quantum dot. 

           The ∆Eg, the increase in the effective band gap over the bulk value, in 

quantum dots, quantum wires and quantum wells can be experessed by the 

following equations, respectively: 

          Quantum dot:    ∆Eg = (4h
2
/8d

2
)[1/me+1/mh]                          (1) 

          Quantum wire:  ∆Eg = (2.34h
2
/8d

2
)[1/me+1/mh]                     (2) 

          Quantum well:  ∆Eg = (h
2
/8d

2
)[1/me+1/mh]                            (3) 

Where d is the diameter or thickness of the quantum nanostructure, h is Planck’s 

constant, and me and mh are the effective masses of the electron and hole in the 

semiconductor material. According to these equations, at a given size, the 3D-

confined quantum dots show the largest ∆Eg, whereas the 2D-confined quantum 

wires show less confinement, and the 1D-confined quantum wells show the least 



 5 

confinement due to the loss of the other two confinement dimensions. The 

quantum-confinement comparisons of the quantum wells, quantum dots, quantum 

rods, and quantum wires of the various semiconductor materials have been 

extensively studied by our group.
2-10

 

              

Optimized synthesis of the SLS growth of CdSe nanowires.   Fluorescent 

semiconductor nanowires (NWs) can lead to devices with efficient emission 

across the entire visible spectrum.
11-14

 Cadmium selenide, as the most intensively 

studied semiconductor material, is a type II-VI ionic semiconductor. It can exist 

as wurtzite, zinc blende, or rock-salt phases, which are found at atmospheric 

pressure, thin film, and higher pressures, respectively.
15

 The CdSe nanowires 

synthesized via the solution-liquid-solid (SLS) mechanism exhibit the wurtzite 

structure.  

           Many factors affect the morphology control and the optical properties of 

the CdSe nanowires. Carefully choosing suitable precursors, varying the ratios of 

the precursors, and adding beneficial additives are all important to achieve well-

controlled colloidal CdSe nanowires with good emission efficiency. In Chapter 1, 

I report the optimized synthetic conditions for CdSe nanowires via testing 

different cadmium and selenium precursors, varying the cadmium-to-selenium 

precursor ratio and adding extra trioctylphosphine (TOP) and hexadecylamine 

(HDA) into the reaction system.  The growth of the CdSe quantum wires is 

catalyzed by Bi nanoparticles. At the reaction temperature (240 -300 
o
C), the low-

melting-point nanoparticles are in a molten-droplet state, which effectively 
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catalyzes the decomposition of precursors and initiates the growth of CdSe 

quantum wires.
3
 Additionally, the quantum-wire diameter is dependent on the Bi-

nanoparticle diameter (Figure I-2). Thus, by controlling the Bi-nanoparticle 

diameter and diameter distribution, control of the diameter and diameter 

distribution of the CdSe quantum wires is achieved.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure I-2. Schematic representation of Bi-nanoparticle-diameter-dependent SLS 

growth of CdSe nanowires. 

 

            The reaction temperature also influences the diameter control of the CdSe 

nanowires, as reported in Chapter 1. The lengths of the CdSe nanowires are 

difficult to control, but minimizing the amount of Bi-nanoparticles used in the 

reaction system can achieve long CdSe nanowires up to ~ 10 µm in length. 
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The roles of the impurities in TOPO in CdSe quantum-wire growth.   Tri-n-

octylphosphine oxide (TOPO) is the most commonly used solvent for the 

synthesis of colloidal nanocrystals. The use of different batches of commercially 

obtained TOPO solvent introduces significant variability into the outcomes of 

CdSe quantum-wire syntheses. This irreproducibility is attributed to varying 

amounts of phosphorus-containing impurities in the different TOPO batches.
16, 17

 

            In Chapter 2, I report the synthetic results of adding different TOPO 

impurities during the CdSe quantum-wire synthesis. By comparing the 

morphology and optical properties, combined with 
31

P NMR studies, various 

TOPO impurities are identified and their beneficial, harmful, or negligible effects 

on quantum-wire growth are determined. The impurity di-n-octylphosphinic acid 

(DOPA) is found to be the important beneficial TOPO impurity for the 

reproducible growth of high-quality CdSe quantum wires. DOPA is shown to 

beneficially modify precursor reactivity through ligand substitution. The use of 

purified TOPO with controlled amounts of specific additives (DOPA) allows 

rational and reproducible CdSe quantum-wire syntheses. 

        

Photo-induced photoluminescence enhancement of CdSe quantum wires.  

Enhancement of the photoluminescence (PL) of colloidal CdSe and (core)shell 

(CdSe)ZnS quantum dots has been observed when the dots are illuminated above 

the band-gap energy.
18

 The effect occurs in dots suspended in a variety of organic 

or aqueous environments.
19

 During periods of constant illumination, the exciton 

PL quantum yield was found to reach a value of up to 60 times that of the solution 
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of as-prepared quantum dots and, if illumination was continued, subsequently 

declined slowly because of photooxidation.
18

 It was postulated that the 

stabilization of surface trap states, lengthening their average lifetime, could occur 

by a light-activated rearrangement of surfactant molecules, thus increasing the 

probability of thermalization back to the lowest emitting exciton state and 

enhancing the quantum dot PL.
18

  

           In Chapter 3, I report a similar phenomenon observed when I illuminate 

CdSe quantum-wire suspensions under fluorescent lamps. The illumination of 

CdSe colloidal quantum wires in chloroform or toluene solution is observed to 

increase their PL quantum yield from 0.2 to ~ 10 %. I investigate the photo-

enhancement procedure with different light power, different solvents, various 

additives, and compare the samples with or without stirring during the 

illumination period. The partially reversible photobrightening process similar to 

the quantum-dot study is also observed in the CdSe quantum-wire samples. The 

addition of TDPA to the CdSe nanowire solution results in the acceleration and 

amplification of the photo-enhancement effect. In contrast to the quantum-dot 

study, the photo-induced PL enhancement of CdSe quantum-wire samples do not 

show a shrinking in diameter, or a blue shift in the absorption or 

photoluminescence spectra. 

 

Fabrication of CdSe/CdS(ZnS) and water-dispersible CdSe quantum wires. 

Semiconductor nanostructures with low toxicity and biocompatibility exhibit 

interesting and potentially useful size-dependent photophysical properties based 
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on quantum-confinement effects, and as such have become increasingly important 

to the applications of these nanomaterials in bio-medical systems.
20-27

  

            Chapter 4 describes the syntheses of CdSe/CdS, CdSe/ZnS type-I 

core/shell structures. Two preparation methods of the core CdSe nanowires are 

performed to achieve the inorganic shell growth. The CdSe/CdS(ZnS) core/shell 

structure show improved PL efficiency compared to the core-only CdSe quantum 

wires due to the reduction of the surface traps through surface passivation. The 

deconstruction of the core/shell nanowires after a period is also observed, due the 

strain caused by the lattice mismatch of the core and shell materials.  

            I also report the syntheses of water-dispersible PEI (hyperbranched 

polyethylenimine) or PEG [poly (ethylene glycol)]-phosphine oxide polymer-

coated CdSe nanowires and CdSe/SiO2 core/shell structure. The optical properties 

of these structures are also investigated in Chapter 4. 
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Chapter 1 

Optimized solution-liquid-solid synthesis of high quality 

CdSe quantum wires 
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Introduction  

 
     The solution-liquid-solid (SLS) growth of semiconductors developed by  

our group has shown great success for the synthesis of II-VI (CdSe,1 CdTe,2 CdS,3 

ZnSe,4 and ZnTe4), III-V (GaAs,5, 6 InP,7 and InAs8) and IV-VI (PbSe, PbS3) 

quantum wires. The SLS mechanism9 provides many advantages for 

semiconductor quantum-nanostructure synthesis over other methods, which 

includes well-controlled diameters, optimized surface passivation, dispersibility, 

and environmental stability. Studies of the optical properties of these 

semiconductor quantum wires by varying their diameters have lead to a rich 

understanding of the size-dependent quantum-confinement effect in various 

dimensionalities.1, 2, 6-8, 10  

   Among these semiconductors, CdSe has, over the last 20 years, been one 

of the most intensively studied semiconductor systems in nanoscale form.1, 11-13 

Recent work, however, has emphasized the development of CdSe nanorods11-15 

and nanowires1, 16-22 through the manipulation of reaction conditions, Cd-

coordinating ligands, and/or growth kinetics. Such trends reflect the realization 

that the properties of one-dimensional nanoscale materials (nanowires) are 

influenced not only by size and length, but also by the surface ligands. Thus, 

CdSe nanowires have evolved as a model system through which the physical, 

optical, and electrical properties of 1D nanoscale materials can be studied.  

             Previously, Dr. Heng Yu from our group reported the successful synthesis 

of CdSe nanowires via the solution-liquid-solid (SLS) mechanism.1 CdSe 

nanowires were formed from cadmium stearate and n-Bu3P=Se in 
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trioctylphosphine oxide (TOPO) at 240-300 oC, using monodisperse Bi 

nanoparticles to catalyze the wire growth. However, the quality of the CdSe 

quantum wires prepared by Yu was not ideal and they exhibited poor 

photoluminescence (PL) efficiencies.  These deficiencies limited the in-depth 

study of the size-dependent optical properties of 1D CdSe quantum nanostructures.  

           In this chapter, I report the optimized SLS growth of CdSe nanowires by 

varying the cadmium precursor, selenium precursor, and cadmium-to-selenium 

precursor ratio. The effects of the additives such as hexadecylamine (HDA), 

trioctylphosphine (TOP) are also discussed. Finally, the achievement of nanowire- 

length control via the amount of Bi catalyst employed is addressed. 

 

 

Results and Discussion 

          Synthesis.  CdSe nanowires were prepared from cadmium stearate (or 

cadmium oxide + oleic acid) as the cadmium precursor, and tri-n-butylphosphine 

selenide (or tri-n-octylphosphine selenide) as the selenium precursor, in 

trioctylphosphine oxide (TOPO) as the reaction solvent at 240-300 oC. Bismuth 

nanoparticles23 were used to catalyze wire growth. A schematic for the SLS 

growth of CdSe nanowires is shown in Figure 1-1. The reaction time for nanowire 

formation is very short, varying from 1 ~ 2 min, suggesting the high effectiveness 

of the Bi-nanoparticle catalyst. The reaction was usually continued for as long as 

5 minutes before cooling, allowing the surface of the CdSe nanowires to anneal at 

high temperature to achieve better ligand coverage and better photoluminescence 
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Cd(stearate)2 
Or CdO + Oleic acid 

+ 
Se=TBP 

Or Se=TOP 

240 – 300 
o
C, TOPO 

Bi nanoparticles 

(hexadecylamine) 

efficiency. Some beneficial additives were found to improve the quality and the 

PL efficiency of the nanowires, such as hexadecylamine (HDA), and additional 

tributylphosphine (TBP)/TOP. I give the details of these results in this chapter. 

 

 

 

      

 

 

          Figure 1-1 Schematic illustration of the SLS growth of CdSe nanowires. 

              

 

           Although the noncoordinating solvent 1-octadecene (ODE) produced great 

success for the synthesis of nanocrystals having various morphologies, including 

quantum dots, rods and tetrapods,24  attempts to synthesize CdSe quantum wires 

in ODE were not very successful (Figure 1-2). Mixtures of dots, rods and 

tetrapods were observed in TEM images under various conditions. No Bi 

nanoparticles were found attached to the end of nanorods, suggesting that the 

nanorods were likely not grown via the SLS mechanism. The formation of 

nanodots, nanorods and tetrapods in ODE even in the presence of Bi catalyst 

suggests very high precursor reactivities in ODE, which favor the homogeneous 

nucleation and growth of morphologies like dots, rods and tetrapods instead of the 

SLS growth of the CdSe quantum wires.  
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Figure 1-2. Representative TEM images of CdSe nanostructures synthesized in 1-

octadecene (ODE). Cd(OA)2 and TOP=Se were used as precursors. Bi nano-

particles with a mean diameter of 8.8 nm were used as the catalyst. The reaction 

was conducted at 250 oC.  

 

           TOPO (tri-n-octylphosphine oxide) proved to be the best solvent for the 

SLS growth of CdSe quantum wires. High-quality CdSe quantum wires with 

narrow diameter distributions, good crystallinity (Figure 1-3), good morphologies 

(long and straight), and good surface passivation (high PL quantum yield) were 

prepared in this coordinating solvent. However, a problem for the CdSe quantum- 

wire synthesis in TOPO solvent was irreproducibility in the shape and quality of 

the nanowires resulting from variations in TOPO-impurity concentrations. I 

discuss in detail the resolution of this problem in Chapter 2. 
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         Figure 1-3. (a) A typical CdSe nanowire (diameter ~ 8 nm) grown via the 

SLS mechanism. Note the Bi catalyst attached to the end of the wire. (b) A high 

resolution TEM image of an 8 nm CdSe nanowire segment.  

 

 

 

 

 

         

 

 

 

 

 

 

     Figure 1-4. An x-ray diffraction pattern (Cu Kα radiation, λ = 1.542 Å) 

from a CdSe quantum-wire powder specimen (wire diameter ~ 8 nm).  

            

a b 
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           Diameter control for CdSe quantum wires.  Two major factors were 

found to be effective to control the diameter of the CdSe nanowires. The first is 

the diameter of the Bi catalyst seeds; the second is the reaction temperature, 

which can be altered by varying the temperature of the salt bath. The major 

diameter-control factor is the size of the Bi catalyst used. The nanoparticles 

attached to wire tips (Figure 1-3) confirmed that these CdSe nanowires were 

catalyzed by the Bi nanoparticles through the SLS growth mechanism. The 

diameter of CdSe nanowires could be easily tuned from ~5 nm to ~16 nm by 

using differently sized Bi-catalyst nanoparticles (Table 1-2 in experimental 

section). I found that the wire diameter is usually about 20% smaller than the size 

of the Bi nanoparticles from which it grows (Figure 1-3). For example, CdSe 

nanowires with a mean diameter ~4.95 nm were prepared from 6.20 nm Bi 

nanoparticles and CdSe nanowires with a mean diameter ~8.02 nm were prepared 

from 10.1 nm Bi nanoparticles.  

              For the cases when very small Bi nanoparticles were used (3 ~ 5 nm), the 

diameter control of the CdSe nanowires was usually poor, due to the aggregation 

of the small Bi nanoparticles at the high reaction temperature. The aggregation of 

Bi nanoparticles occurred soon after injection and before the SLS reaction took 

place, which broadened the size distribution of Bi catalyst particles. Therefore 

poor control of CdSe nanowire diameter resulted. 

           Figure 1-5 shows the absorption and photoluminescence spectra of the 

CdSe nanowires having diameters from 4.95 nm to 6.31 nm. The bulk band gap of 
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CdSe at room temperature is 1.74 eV (~712.6 nm),25 which indicates our CdSe 

wires are in the quantum-confinement regime. 

 

 

 

 

 

 

 

 

 

 

 

 

             

 

             Figure 1-5. The absorption and photoluminescence spectra of CdSe 

nanowire samples having mean nanowire diameters from 4.95 nm to 6.31 nm.  

 

             

               All of the band-edge absorptions and the PL peaks of the CdSe quantum 

wires investigated show a blue shift relative to the bulk band-edge absorption at 

1.74 eV (712.6 nm). In addition, as the diameter of the CdSe nanowires decreased, 

a systematic increase in the quantum-confinement energy was observed, 

indicating the expected size-dependent quantum-confinement effects. (See Table 

1-1 below) 



 20 

400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

2.5

 

 

First excitonic 

         feature

In
te
n
s
it
y
 (
a
.u
.)

Wavelength (nm)

Bulk

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 1-6. Representative absorption spectrum of CdSe quantum wires in 

toluene solution, showing possible absorption features indicated by black arrows. 

 

             A representative absorption spectrum of CdSe quantum wires having a 

mean diameter of 8.0 nm (Figure 1-6) shows several well-resolved absorption 

features. All the CdSe nanowires with high quality showed similar absorption 

features.  In order to extract the exact position of the first excitonic feature of the 

absorption spectrum, we employed the fitting method reported previously by Yu.1 

Each spectrum was fit by several Gaussian functions, and the lowest-energy peak 

was extracted as a Gaussian from which the exact peak position was determined. 

A typical Gaussian function and its parameters are shown in Figure 1-7.  A 

representative fitting of an absorption spectrum is shown in Figure 1-8. 
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Figure 1-7. A Gaussian function to represent an absorption peak. A is the height 

of the peak, xc is the peak position, W is the 2σ width. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-8.  Representative fitting of an absorption spectrum of 5.60 nm CdSe 

nanowires. The black solid curve and the red dotted curve are the experimental 

spectrum and the fitted spectrum, respectively.  
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          The fitted absorption (red dotted curve) is very close to the experimental 

data (black solid curve), which indicates the success of the fitting procedure. As 

shown from Figure 1-8, the fitting results give the lowest-energy peak position 

(excitonic feature) from which the band-gap and quantum-confinement energy 

(∆Eg) are calculated. The determined band-gap and ∆Eg values for CdSe quantum 

wires of various diamters are shown in Table 1-1. 

 

 

Table 1-1.  Band-gap energies and quantum confinement energies (∆Egs) for 

CdSe quantum wires with different mean diameters from 4.95 to 12.1 nm. 

 

DiameterCdSe (nm) Band gap (eV) Band gap (nm) ∆Eg (eV) 

4.95 1.893 655.1 0.153 

5.20 1.879 660.1 0.139 

5.60 1.854 668.7 0.114 

6.04 1.851 669.9 0.111 

8.02 1.833 676.5 0.093 

9.05 1.800 688.9 0.060 

10.2 1.786 694.4 0.046 

12.1 1.768 701.2 0.028 

Bulk 1.74 712.6 -- 
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Cadmium precursor.  Cadmium stearate was previously used as the cadmium 

precursor in our lab to replace the extremely toxic dimethylcadmium ((CH3)2Cd) 

precursor which had been used in the earlier years.26 The mechanism of CdSe 

wire formation has been proposed to involve small clusters or oligomers formed 

from cadmium stearate and TBP=Se during the reaction, which are the growth 

nutrients.1 The bismuth nanoparticles capture the in-situ-formed nutrients, 

catalyze the complete decomposition of them, dissolve the (CdSe)n fragments, and 

initiate the CdSe nanowire growth (Figure 1-9).1 Recently CdO and oleic acid 

were used as the Cd precursor for the synthesis of high-quality CdSe quantum 

dots.27-29  These quantum dots usually have better size control and better 

photoluminescence efficiency than those prepared from cadmium stearate. 

 

 

 

 

 

 

 

 

 

        Figure 1-9. Schematic diagram illustrating CdSe nanowire growth via the 

SLS (solution-liquid-solid) mechanism from Bi-catalyst nanoparticles. 
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Stearic acid:            

 

 

Oleic acid:           

 

          Figure 1-10. Structures of stearic acid and oleic acid 

 

 

              The success of CdO and oleic acid as the cadmium precursor in the CdSe 

quantum-dot system led us to adapt this combination to our nanowire synthesis. 

The initial reaction mixture containing CdO, oleic acid, TOPO, and HDA is dark 

brown. When the reaction tube is placed into the 320 oC salt bath for pre-heating, 

the reaction mixture becomes colorless, which indicates the formation of 

Cd(oleate)2 in the TOPO solution. The pre-heating process usually takes about 10 

min.  
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Figure 1-11.  Representative TEM images of the CdSe nanowires synthesized 

using Cd(stearate)2 as the Cd precursor (a and b), and using CdO + oleic acid as 

Cd precursor (c and d). All the other reaction conditions are same in these two 

cases. 

 

            In the TEM images (Figure 1-11), we can see CdSe nanowires prepared 

using CdO and oleic acid have better quality than the CdSe nanowires prepared 

using Cd(stearate)2. CdSe nanowires from CdO and oleic acid usually show better 

diameter control, and are longer and straighter. This difference is proposed to 

result from the difference in the reactivities of Cd(oleate)2 and Cd(stearate)2. At 

the reaction temperature (250 oC), Cd(oleate)2 is more reactive than Cd(stearate)2 

and reacts faster after injection into the hot reaction mixture, as evidenced by the 

color change observed. In the presence of Bi catalyst particles, all cadmium 
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precursors will thus promptly convert into CdSe-Bi alloy at an early stage in the 

process. Because the nucleation process is ended at early stage of the reaction, 

further wire growth can occur only via the SLS mechanism along the growth axis, 

which will lead to the better control of 1-D morphology, and preclude separate, 

homogeneous nucleation of dots and rods. 

 

 

 

            

 

             

 

 

 

 

         Figure 1-12. Normalized PL spectra of as-prepared CdSe nanowires 

(diameter = 8.0 nm) made from CdO + oleic acid and Cd(stearate)2 as the Cd 

precursor.  All the other synthetic conditions are the same.  

 

             The CdSe nanowires made from Cd(oleate)2 also showed better emission 

efficiency than the nanowires made from Cd(stearate)2 (Figure 1-12), which 

indicates better surface coverage for the nanowires prepared from Cd(oleate)2. PL 

quantum yields are determined and discussed in Chapter 3. The difference 

between these two acids is the double bond in oleic acid (Figure 1-10). Because 
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oleic acid has a double bond, and is also presumed to be one of the surfactants on 

the CdSe nanowires, it may form some crosslinked structure at the surface of 

nanowires and therefore reduce the gaps in the surface passivation to minimize 

surface traps and improve the emission efficiency.  

           Additionally, the dispersibility of CdSe nanowires made from Cd(oleate)2 

is better than that of the nanowires made from Cd(stearate)2, and they can retain 

their emission efficiency and dispersibility in organic solvents much longer than 

those from Cd(stearate)2, presumably due to the better surface coverage to prevent 

the oxidation of the surface. 

 

 

          

Se precusors.    For CdSe nanocrystal synthesis, virtually all nonaqueous 

synthetic routes have employed tertiary alkylphosphine selenides as the selenium 

precursor because of their high solubility and reactivity in a range of organic 

solvents. It has been difficult to distinguish the effects of such reagents on crystal-

growth dynamics and photoluminescence properties.     
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Figure 1-13. Representative TEM images synthesized using TBP=Se (a, b), and 

TOP=Se (c, d). All the other synthetic conditions are same in both experiments.  

         

            I now report that morphology control for CdSe nanowires prepared from 

TOP=Se is much better than that from TBP=Se (Figure 1-13). For the synthesis of 

binary semiconductor nanowires via the SLS mechanism from dual-source 

precursors, variations in the reactivity of the precursors can result in large 

differences in the quality of the product.2, 3 I speculate that TOP=Se facilitates 

high-quality wire growth by moderating the rate at which molecular (CdSe)n 

clusters are generated. The mechanism for CdSe generation is shown in Figure 1-

14.30 In this mechanism, the R3P=Se precursor is ultimately converted to R3P=O. 

Because TOPO is the reaction solvent for CdSe nanowire growth, I argue that the 

rate of TOPO formation and therefore the rate of CdSe formation is suppressed. 
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We have shown that a moderate rate of CdSe formation is essential to the growth 

of high-quality CdSe nanowires.22  

 

    

 

 

 

 

 

 

 

 

       Figure 1-14. Mechanism of formation of CdSe and byproducts.30 

 

 

 

 

 

 

 

 

 

 

    Figure 1-15. Normalized PL spectra of CdSe nanowires (diameter = 8.0 nm) 

made from TBP=Se and TOP=Se as the Se precursor.  All the other synthetic 

conditions are the same. 
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          Figure 1-15 shows that the photoluminescence of the CdSe nanowires made 

from TOP=Se is slightly better than the nanowires made from TBP=Se. Because 

TBP or TOP is also expected to be one of the surface ligands binding to the CdSe 

nanowires, TOP may be a better surfactant to remove trap sites. Therefore slightly 

better surface passivation of the CdSe nanowires is achieved.  

 

 

 

 

HDA( hexadecylamine) as an additive to the reaction mixture.  The use of 

primary amines in the surfactant mixtures have been shown to increase the PL 

efficiencies of CdSe quantum dots.31-33 The chain length and the steric properties 

of the amine surfactant will affect the dispersibility of  nanocrystals and their 

colloidal stability. Consequently, I have investigated several amine surfactants to 

optimize the passivation. Among the various amines (HDA, oleylamine, DOA 

(dioctylamine), TOA (trioctylamine)), HDA proved to be the best amine for 

controlling the morphology of CdSe nanowires (Figure 1-16). 
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Figure 1-16. Representative TEM images of CdSe nanowires made with various 

amine surfactants. Dioctylamine (a, b), trioctylamine (c, d), oleylamine (e, f), and 

hexadecylamine (g, h). All the other synthetic conditions are the same.  
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              Additionally, the use of HDA resulted in wires that exhibited detectable 

room-temperature PL. All the CdSe wires synthesized without HDA gave no or 

undetectable PL.   

 

 

 

 

 

 

 

 

             Figure 1-17. PL spectra from samples with different amounts of HDA 

added during synthesis. All the other experimental conditions were the same, and 

the absorption was adjusted to normalize the PL. 

 

            The amount of HDA added is also very important. Unlike the case for 

quantum dot synthesis, where HDA is typically used as a co-solvent, a large 

amount of HDA is harmful to the formation of high-quality CdSe nanowires. 

When HDA was used in co-solvent quantities, most of the product consisted of 

quantum dots, even with a sufficient amount of Bi catalysts. Additionally, more 

than 50 mg HDA in 5 g TOPO reduced the PL efficiency of the wires. (Figure 1-

17) Although smaller amounts of HDA improved the optical properties of the 

CdSe quantum wires, 50 mg of HDA in 5 g of TOPO solvent proved to be the 
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best amount for CdSe nanowire synthesis, giving the best morphology control and 

achieving the best PL efficiency.  

 

Additional TOP in the TOP=Se, Bi injection solution.  In our CdSe nanowire 

synthesis, the selenium precursor is TOP=Se. This was a Se-saturated solution, 

which means all the TOP is bound to Se. Therefore, there was no free TOP in the 

injection solution. I found that additional TOP (about 100 mg) in the injection 

solution helped the wire growth and the optical properties of the CdSe nanowires.  

           There are two possible advantages to additional TOP in the reaction system. 

The first is that TOP may ligate the reaction precursors and give good passivation 

to the Bi catalyst34 and CdSe-Bi alloy. Therefore a suitable precursor reactivity 

may be achieved. Also, TOP may act as another nanowire surfactant like HDA, 

leading to better surface passivation that reduces the surface traps on the CdSe 

nanowires. 

            Cd-to-Se precursor ratio.  The influence of the initial ratio between the 

Cd and the Se precursors on the temporal evolution of the quality and the 

ensemble PL quantum yield of CdSe nanocrystals during their growth at 290 oC in 

a coordinating solvent has been investigated by Qu and Peng.31   From this study, 

growth with an excess of Se monomer leads to the slowest growth rate and the 

smallest size polydispersity. Additionally, excess Cd precursors results in very 

low nanocrystal PL quantum yields; addition of an excess of Se monomer can 

revive the CdSe nanocrystal PL.29 A large excess of cadmium precursor has been 

shown to be harmful to the formation of high-quality CdSe nanowires. Yu 
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observed dendritic nanowire products when the cadmium precursor was in large 

quantity, such as 200 mg in 5.0 g TOPO solution.1 All these results from CdSe 

quantum dot and prior CdSe wire syntheses showed that a Se-rich precursor 

system is favorable for morphology control and optical-property optimization in 

the growth of CdSe nanostructures. 

            The Cd-to-Se ratio in our CdSe quantum wire synthesis was found to 

sensitively influence wire quality (Figure 1-17) and optical properties (Figure 1-

18). I varied the Cd:Se precursor ratio in the wire syntheses to study the effect of 

precursor concentration and pursue the best precursor ratio. In the extreme cases, 

a large excess of Cd precursor (more than 500 mg in 5.0 g TOPO solution) led to 

precipitation of metallic Cd and uncontrolled growth of large CdSe crystals. 

However, the use of large amount TOP=Se did not have a significant harmful 

effect on the formation of well-controlled CdSe nanowires. 

           TEM images (Figure 1-18) in the Cd-rich cases always showed a “dirty” 

background, which may be fine Cd particles formed during the early stage of the 

reaction because of the high concentration of the Cd precursors. Also, the CdSe 

nanowires formed under these conditions usually exhibited poor diameter control. 

Upon increasing the amount of the Se precursor used, less particulate background 

was observed. Furthermore, the diameter and morphology control became 

progressively better. The growth under an excess of Se monomer led to the best 

diameter control in the CdSe quantum wires.  
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Figure 1-18. TEM images of CdSe nanowires synthesized with different Cd:Se 

precursor ratios: (a),(b) Cd:Se = 5:1 (c),(d) Cd:Se = 2:1  (e),(f) Cd:Se = 1:1 (g),(h) 

Cd:Se = 1:5 
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Figure 1-19.  Photoluminescence spectra of CdSe nanowires synthesized at 

different Cd:Se precursor ratio from 5:1 to 1:5. All the other synthetic conditions 

were same in these experiments. 

 

            No PL was observed from CdSe nanowires synthesized from Cd-rich 

precursor ratios (Figure 1-19). Weak PL was observed in the Cd:Se = 1:1 

synthetic condition, and even stronger PL from the more Se-rich system. Surface 

annealing under an excess of Se favors Se-rich facets and therefore reduces the 

amount of Cd dangling bonds.35 Cd-Se nonpolar facets can undergo spontaneous 

surface reconstruction and polar Se facets are more effectively reconstructed than 

are the polar Cd facets.35  
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Amount of Bi catalyst.  A suitable amount of Bi catalyst used in the CdSe 

nanowire synthesis is also very important to control morphology. The less Bi 

catalyst used, the fewer CdSe nanowires are formed; therefore longer CdSe 

nanowires are achieved. I found that about 23 mg (0.00092 mmol) Bi catalyst 

solution in 5.0 g of TOPO is the best amount for our system. It is the least amount 

of Bi we can use and still obtain high-quality CdSe quantum wires. Under the best 

synthetic conditions, with 23 mg of Bi catalyst solution, the length of the CdSe 

nanowires was up to 10 µm (Figure 1-20). Measuring the precise lengths of the 

CdSe nanowires is difficult because they are very long and bunched together on 

the TEM grid. Distinguishing the exact head or tail of the same nanowires in the 

low-resolution images was impossible. 

 

 

 

 

 

 

 

 

Figure 1-20. Representative low-resolution TEM images (a, b) and luminescent 

single-wire confocal image (c) of extremely long CdSe nanowires synthesized 

with 23 mg Bi catalyst.  The length of the CdSe nanowires is up to 10 µm. 

 

a b c

C
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 Figure 1-21.  Representative TEM images of short CdSe nanowires synthesized 

with a large amount of Bi catalyst. 

 

            Attempts to vary the aspect ratio of the CdSe nanowires by varying the 

amount of Bi catalyst were not so successful. But a large amount of Bi catalyst 

(~500 mg per 5.0 g TOPO) produced very short CdSe nanowires (length ~ 200 

nm, Figure 1-20). The Bi nanoparticles attached to the end of short CdSe 

nanowires confirmed the SLS growth mechanism. Note that the short nanowires 

have a tapered structure, which resulted from the big temperature change of the Bi 

nanoparticles after the injection. The longer wires synthesized under other 

conditions also have a tapered segment at the end where growth was initiated, 

opposite the catalyst particle. 
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Conclusion.    

             This chapter discussed all the synthetic parameters for the SLS growth of 

CdSe quantum wires. By varying precursors, amounts, ratios, and additives, I 

optimized the synthesis of CdSe nanowires for morphology control and 

photoluminescence efficiency.  The best conditions for the SLS growth of CdSe 

nanowires uses Cd(OA)2 and TOP=Se as the cadmium and selenium precursors, 

respectively. The injection solution should contain an excess amount of TOP=Se 

(500 mg, Cd:Se ratio ~ 1:30) and additional 100 mg TOP, along with 23 mg of Bi 

catalyst solution. The reaction mixture should contain Cd(OA)2 precursor with 5 g 

of TOPO and 50 mg of HDA. The reaction temperature of the SLS growth can be 

varied from 240 - 280 oC. The diameter of the CdSe nanowires can be controlled 

by varying the size of the Bi nanoparticles used, and the reaction temperature 

(Table 1-2). 
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Experimental Section 

         Chemicals.   Cadmium stearate (90%), Cadmium oxide (CdO, 99%), Oleic 

acid (OA, 90%), tri-n-octylphosphine oxide (TOPO, 99%), trioctylphosphine 

(TOP, 97%), selenium powder (Se, 100 mesh 99%), poly(1-hexadecen)0.67-co-(1-

vinylpyrrolidinone)0.33, and Na[N(SiMe3)2] (1.0M solution in THF) were obtained 

from Aldrich and used as received. 1,3-diisopropylbenzene (DIPB, from Aldrich) 

was shaken with concentrated sulfuric acid to remove thiophene, washed with 

water, and distilled over Na.  

 

        Preparation of TOP=Se.  A neat mixture of 4 g of elemental Se powder 

(0.051 mol) and 22 g TOP (0.059 mol) was loaded into a 100 ml storage bottle 

under dry, O2-free N2(g). The Se powder rapidly dissolved into the liquid mixture 

as heat was evolved. A second portion of 1 g of Se (0.013 mol) was added into the 

mixture to ensure the conversion of TOP to TOP=Se. The liquid fraction of the 

mixture was subsequently used.  

 

        Preparation of TBP=Se.  A neat mixture of 4 g of elemental Se powder 

(0.051 mol) and 12 g of TBP (0.059 mol) was loaded into a 100 ml storage bottle 

under dry, O2-free N2(g). The Se powder rapidly dissolved into the liquid mixture 

as heat was evolved. A second portion of 1 g of Se (0.013 mol) was added into the 

mixture to ensure that all of the TBP had been converted to TBP=Se. The liquid 

fraction of the mixture was subsequently used.  
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        Preparation of Bi-nanoparticle stock solutions.  Monodispersed Bi 

nanoparticles were grown in DIPB solutions of poly(1-hexadecen) 0.67-co-(1-

vinylpyrrolidinone) 0.33 and Na[N(SiMe3)2] at elevated temperatures (170-210 oC), 

following the procedure previously reported.23 The diameter of Bi nanoparticles 

were tuned from 5 to 18 nm (std. deviation = 5-10% of the mean diameter) by 

varying reaction conditions, and the effective concentration of the dispersions was 

0.04 mmol of Bi/g DIPB. 

 

         Bi-catalyzed growth of CdSe nanowires.  In a typical synthesis of CdSe 

nanowires, 6 mg of CdO (0.047 mmol), 53 mg of oleic acid (0.19 mmol), 50 mg 

of hexadecylamine (0.21 mmol), and 5 g of trioctylphosphine oxide (13 mmol) 

were loaded into a 50 ml reaction tube, which was degassed on a Schlenk line and 

backfilled with N2. The reaction mixture was heated at 320 oC in a salt bath 

(NaNO3: KNO3 ~ 1:1) until a clear solution was generated (~ 10 min). Then, the 

reaction tube was transferred to a 250 oC salt bath for wire growth. At this 

temperature, a mixed solution of 500 mg of TOP=Se (1.1 mmol), 100 mg of TOP 

(0.27 mmol) and 23 mg of Bi solution (0.00092 mmol) was rapidly injected into 

reaction tube.. After 5 min reaction, the reaction mixture was allowed to cool to 

room temperature.  

           1 ml aliquot of the reaction mixture was dissolved into 2 ml of toluene, the 

wires were precipitated with 6 ml of methanol and the sample was centrifuged 

and the supernatant was decanted. The precipitates were re-dispersed in 2 ml of 

toluene, precipitated with 6 ml of methanol, followed by centrifugation and 
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decanting the supernatant again. Then, the precipitates were re-dissolved in 

toluene for optical measurements.   

          The diameter of CdSe nanowires grown by this approach were varied by 

changing the reaction temperature from 240-280 oC and by choosing different-

sized Bi nanoparticles as the catalyst seeds (Table 1-2). 

 

Table 1-2. Synthetic conditions and results for CdSe nanowires. 

CdO 

(mmol) 

Oleic 

acid 

(mmol) 

Se=TOP 

(mmol) 

HDA/TOP 

(mmol) 

TOPO 

(g) 

Bi 

solution 

(mg) 

Bi 

;anoparticle 

size (nm) 

Reaction 

T (oC) 

reaction 

time 

(min) 

Diameter 

of the 

CdSe 

nanowires 

(nm) 

0.047 0.19 1.1 0.21/0.27 5 23 6.1 240 5 
4.76 
(11.2%) 

0.055 0.25 1.1 0.21/0.27 5 23 6.1 260 5 
4.92 
(10.33%) 

0.047 0.21 1.1 0.21/0.27 5 23 6.1 280 5 
5.01 
(10.72%) 

0.047 0.21 1.1 0.21/0.27 5 23 6.1 300 5 
5.20 
(10.20%) 

0.055 0.25 1.1 0.21/0.27 5 23 8.1 240 5 
6.90 
(10.38%) 

0.047 0.19 1.1 0.21/0.27 5 23 8.1 260 5 
7.15 
(10.79%) 

0.047 0.21 1.1 0.21/0.27 5 23 8.1 280 5 
7.35 
(10.47%) 

0.047 0.19 1.1 0.21/0.27 5 23 8.1 300 5 
7.51 
(11.12%) 

0.055 0.25 1.1 0.21/0.27 5 23 10.2 240 5 
8.02 
(9.72%) 

0.047 0.19 1.1 0.21/0.27 5 23 10.2 260 5 
8.41 
(10.53%) 

0.047 0.21 1.1 0.21/0.27 5 23 10.2 280 5 
8.61 
(11.17%) 

0.047 0.19 1.1 0.21/0.27 5 23 10.2 300 5 
8.89 
(12.10%) 

0.047 0.22 1.1 0.21/0.27 5 46 17.4 240 5 
13.35 
(10.19%) 

0.055 0.21 1.1 0.21/0.27 5 46 17.4 260 5 
14.10 
(9.38%) 

0.055 0.24 1.1 0.21/0.27 5 46 17.4 280 5 
15.01 
(9.92%) 

0.047 0.21 1.1 0.21/0.27 5 46 20.4 250 5 
15.28 
(9.34%) 

0.047 0.21 1.1 0.21/0.27 5 46 20.4 280 5 
15.92 
(10.43%) 

0.055 0.22 1.1 0.21/0.27 5 46 20.4 300 5 
16.20 
(12.29%) 
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          Characterization.  Samples for TEM analysis were prepared by dropping a 

dilute toluene solutions of NWs onto 300-mesh carbon-coated copper grids. TEM 

images were recorded using a JEOL 2000 FX microscope operating at 200 kV. 

The diameter distribution for each sample was determined using several TEM 

images at 500K magnification to ensure accurate measurement. The wire 

diameters were measured and recorded using Image-Pro Express software 

(version 4.5), and the distribution histograms were constructed from 400-500 

diameter measurements for each specimen. HRTEM images were recorded on a 

JEOL JEM-2100F microscope operating at 200 kV. UV-visible absorption spectra 

were recorded on a Varian Cary 100E spectrophotometer at room temperature. 

The NW solution was prepared by diluting the purified NW sample with a certain 

amount of toluene in a 1-cm path-length quartz cuvette, and the baseline 

correction was performed prior to each measurement. Photoluminescence (PL) 

spectra were taken on a Varian Cary Eclipse fluorescence spectrophotometer at 

room temperature. Powder XRD scans were recorded on a Rigaku D-MAX/A 

diffractometer operating at 35 kV and 35 mA (Cu Kα irradiation, λ = 1.542 Å).  
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Chapter 2 

Effects of TOPO impurities during the SLS growth of 

the CdSe quantum wires 
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Introduction 

          Chemical modification of nanocrystal surfaces is fundamentally important 

to their assembly, their implementation in biology and medicine, and greatly 

impacts their electrical and optical properties.
1
 However, it remains a major 

challenge owing to a lack of analytical tools to directly determine nanoparticle 

surface structures.
2
 The nature and strength of the interaction between the ligands 

and the surface atoms of nanocrystals determine the stability of the nanocrystal-

ligand complexes. The stability of nanocrystal-ligand complexes has become a 

focus of study in recent years because several promising applications of 

nanocrystals, such as biomedical labeling, and light-emitting diodes using 

semiconductor nanocrystals, seem to be limited by their stability.
1, 3

 

          Our successful SLS synthesis gives the best morphology control and 

photoluminescence efficiency of 1-D CdSe nanowires.
4, 5

 Tri-n-octylphosphine 

oxide (TOPO) is the major reaction solvent for our CdSe nanowire syntheses, and 

it is one of the surface ligands of the quantum wires as described in Chapter 1.  I 

found significant irreproducibility problems in the synthesis of CdSe nanowires 

upon using different batches of commercial TOPO (Figure 2-1). These problems 

were ultimately traced to the presence of adventitious impurities in the TOPO,
6
 as 

detailed in this chapter. 
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Figure 2-1.  Representative TEM images of CdSe quantum wires grown in TOPO 

A (a and b),TOPO F (c and d), and distilled TOPO F (e and f) 

 

 

           From the TEM images, the original CdSe nanowires prepared using a good 

batch of TOPO (batch #00529CD, hereafter TOPO A) were long and straight with 

good morphology control (Figure 2-1a and b) and fairly good photoluminescence 

quantum efficiency. When I changed to a new batch of TOPO (batch #03003CE, 

hereafter TOPO F), the quality of the CdSe nanowires was greatly reduced. The 

wires synthesized in TOPO F were short, with large diameter distributions (Figure 

2-1c and d), and poor quantum efficiency compared to the nanowires synthesized 

a b 

c d 

e f 
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in TOPO A. Such TOPO-induced irreproducibility could have three possible 

origins. (1) Essential, beneficial impurities may be present in good TOPO, in 

which high-quality nanowires may be prepared, but absent in other batches.  (2) 

Harmful impurities may be present in bad TOPO, but absent in good TOPO.  (3) 

Batch-to-batch variations in the concentrations of either beneficial or harmful 

impurities may be responsible for the synthetic irreproducibility. I purified TOPO 

F and used it to synthesize the CdSe nanowires. However, the nanowires 

synthesized in distilled TOPO F did not show improved quality (Figure 2-1e, f). 

This result eliminated the possibility of harmful impurities in TOPO F. There 

must be some beneficial impurities in TOPO A that were helping the morphology 

control of the CdSe nanowires.  

             TOPO has long been used for acetic-acid recovery
7
 and metal-ion 

extraction.
8
 It is currently available under the trade name CYANEX 921 for these 

purposes. In the 1980s, the synthesis of semiconductor nanoparticles in reverse 

micelles was introduced.
9-16

 During that early synthetic era, the Bell Laboratories 

group discovered that poorly crystalline CdSe nanoparticles prepared in reverse 

micelles could be ripened and recrystallized in n-Bu3P/n-Bu3PO mixtures.
17, 18

 

The phosphine-oxide component was found necessary to the process. Shortly 

thereafter, Murray, Norris, and Bawendi introduced an organometallic synthesis 

of CdE nanocrystals (E=S, Se and Te) using n-octyl3P (TOP)/TOPO solvent 

mixtures,
19

 which constituted a breakthrough in the preparation of semiconductor 

nanocrystals. Subsequently, TOP and TOPO mixtures were employed as solvents 

in a wide range of nanocrystal syntheses.
20-55

 More recently, “greener” syntheses 
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of quantum dots and quantum rods employing non-coordinating solvents have 

emerged.
56-60

 However, TOPO remains an important option for the synthesis of 

semiconductor nanocrystals
1, 61-71

. 

          The likely participation of adventitious TOPO impurities in nanocrystal 

growth has been recognized for many years.
29

 TOPO is available from research-

chemical suppliers in nominal 90%-purity (technical) and 99%-purity grades. In 

2000, Alivisatos and coworkers reported that CdSe quantum rods grew at a slower 

rate and with better shape control in 90%-purity-grade TOPO than in 99%-purity-

grade TOPO, apparently as a result of impurities present in the 90%-purity-grade 

solvent.
29

  The active impurities were presumed to be alkylphosphonic and/or 

alkylphosphinic acids.  Purposeful addition of hexylphosphonic acid (HPA) to 

99%-purity-grade TOPO allowed the synthesis of CdSe quantum rods in a more 

controlled and reproducible manner,
29

 initiating extensive subsequent research 

activities and interest in semiconductor quantum rods.  A separate study by 

Alivisatos and coworkers found that the growth kinetics and morphologies of 

hyperbranched nanocrystals varied when using 99%-purity-grade TOPO from 

different batches and/or suppliers.
72

 A related synthetic reproducibility problem 

was also reported for the growth of CdSe quantum dots, but attempts to analyze 

the influential TOPO impurities were unsuccessful.
73

 Similarly, we have 

experienced significant synthetic-irreproducibility problems in the growth of 

CdSe quantum wires
5, 74

 using various batches of 99%-purity-grade TOPO.
6
  

            Unfortunately, only a few of the phosphinic and phosphonic acids are 

commercially available. The initial attempts to gain morphology control were 
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performed by adding commercially available tetradecylphosphonic acid (TDPA) 

and diphenylphosphinic acid (DPPA) into the reaction system with a new batch of  

TOPO (batch #08716AH, hereafter TOPO C) used (Figure 2-2).  Neither result 

was satisfactory. The sample with TDPA did not show impoved morphology 

control, but did show the improvement in optical properties, which I will discuss 

in Chapter 3. The sample with DPPA showed improvement in the length of the 

CdSe nanowires, but the wires contained bends and exhibited a broad diameter 

distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2.  Representative TEM images of CdSe QWs grown in TOPO C with 

additional TDPA (a and b), and additional DPPA (c and d).  

 

a b 

c d 
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         The 90%-purity-grade TOPO is known to contain a variety of phosphorus-

containing impurities (Figure 2-3):  n-octylphosphonic acid (OPA), mono-n-

octylphosphinic acid (MOPA), di-n-octylphosphine oxide (DOPO), di-n-

octylphosphinic acid (DOPA), and n-octyl di-n-octylphosphinate (ODOP).
75

 The 

99%-purity-grade TOPO contains some of the same impurities, in smaller 

amounts.
6, 69

 Although such impurities were believed to influence the quality, 

morphology, and growth kinetics of quantum dots and quantum rods,
27, 29, 73

 the 

active impurities had not been specifically identified until recent work from our 

group.
6
 

            In this Chapter, I will compare the results of CdSe nanowire syntheses in 

different batches of commercially obtained TOPO to the results obtained by 

adding possible impurities into the reaction system. The various batches and 

impurities are analyzed by 
31

P NMR spectroscopy. The results establish the 

influences of individual TOPO impurities on CdSe quantum wire growth.  In this 

work, DOPA is proven to be the essential impurity for the synthesis of high-

quality CdSe quantum wires. 

 

 

 

 

 

 

        



 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Figure 2-3. The structures of various TOPO impurities or suspected 

impurities. EDOPO and DMOPO are not found in commercial TOPO samples 
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 Results  

   Synthesis of CdSe quantum wires in various batches of TOPO and with 

different additives 

   I compared the synthetic utility of three batches of 99%-purity-grade and 

several batches of 90%-purity-grade TOPO. I am labeling the three 99%-purity 

specimens TOPO A, TOPO F, and TOPO C, corresponding to the excellent, 

failed, and intermediate synthetic results achieved in each of these specimens, 

respectively. The Aldrich batch numbers for the 99% and 90%-purity specimens 

employed are listed in the Experimental Section. 

    The synthetic procedure for the SLS growth of CdSe nanwires was 

described in Chapter 1. As mentioned above, high-quality CdSe nanowires were 

not reproducibly synthesized in the various 99%-purity TOPO batches. The 

nanowires grown in TOPO A were long (> 5 µm) and straight, with uniform 

diameters along their lengths and narrow diameter distributions (Figure 2-1a and 

b).  In contrast, the nanowires grown in TOPO F were short (<1 µm), and 

exhibited kinks, branches, diameter fluctuations, and wide diameter distributions 

(Figure 2-1c and d).  The quality of the nanowires grown in TOPO C (Figure 2-4a 

and b) was clearly improved over those from TOPO F; however, it was less than 

that of the nanowires grown in TOPO A.  This indicated some beneficial impurity 

is present in TOPO C that is not in TOPO F. However, the concentration of the 

impurity or impurities in TOPO A and TOPO C is different. 
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Figure 2-4. Representative TEM images of CdSe nanowires made from 

TOPO C (#08716AH) (a, b) and purified TOPO C (c, d) 

 

   The purified TOPO C (Figure 2-4c and d) did not produce good diameter 

control, further proving the lack of some beneficial impurity.  

   The varying qualities of these nanowire specimens were also evident in the 

absorption spectra (Figure 2-5).  The first four excitonic features were sharper and 

better resolved for nanowires grown in good TOPO as compared to those grown 

in TOPO C or TOPO F. 
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Figure 2-5. Absorption spectra of CdSe QWs grown in various TOPO batches 

in the presence of additives. The absorption spectra are offset for clarity. 
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Figure 2-6. Representative TEM images of CdSe nanowires made from 

TOPO F + 10 mg of DOPA (a, b), and + 20 mg of DOPA (c, d) 

 

 

            Figure 2-6 shows representative TEM images of CdSe nanowires 

synthesized in the TOPO F with added DOPA (Figure 2-3). The nanowires grown 

with DOPA showed greatly improved morphology control compare to those 

grown in TOPO F only samples (Figure 2-1c and d).  The CdSe nanowires were 

straight, long, and uniform in diameter along the length. Kinks and branches 

observed when using TOPO F alone were not found under this reaction condition.  
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Figure 2-7. Representative TEM images of CdSe nanowires made from 

TOPO C + 5 mg of DOPA (a, b), + 10 mg of DOPA (c, d), + 20 mg of DOPA (e, 

f), and + 100 mg of DOPA (g, h). 

 

   Figure 2-7 shows representative TEM images of CdSe nanowires 

synthesized in TOPO C with added DOPA. These nanowires were straighter, 

much longer, and exhibited narrower distributions and more-uniform diameters 

b a 

c d 

e f 

g h 
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along their length than did those grown in TOPO C only (Figure 2-4a and b). 

However, too much added DOPA was harmful to the morphology control of the 

CdSe nanowires. Addition of 100 mg of DOPA into the reaction system caused 

nanowire precipitation after 2 min of reaction time. Although there were CdSe 

nanowires in the precipitates, the diameter and length control were not good 

(Figure 2-7g and h).  

    Figure 2-8 shows representative TEM images of CdSe nanowires 

synthesized in purified TOPO C with added DOPA. Similar results were obtained 

as with adding DOPA into TOPO F or TOPO C described above. The CdSe 

nanowires were straight, long, and with good diameter control, showing 

significant improvement from the nanowires synthesized without DOPA (Figure 

2-4c and d). As above, increasing the amount of DOPA did not further improve 

the quality of the nanowires. For example, 20 mg of DOPA in purified TOPO C 

gave poorer quality compared to 5 mg and 10 mg of added DOPA. The best 

amount seems to be 5 mg of DOPA in 5 g of TOPO. This result can be seen in all 

the 3 cases in which I added DOPA (Figure 2-6, 2-7 and 2-8). 
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Figure 2-8. Representative TEM images of CdSe nanowires made from 

purified TOPO C + 5 mg of DOPA (a, b), + 10 mg of DOPA (c,d), and + 20 mg 

of DOPA (e, f) 

 

     The additives MOPA and OPA were similarly found to have beneficial 

effects on CdSe nanowires growth, but less than those achieved with DOPA. 

Figure 2-9 shows representative TEM images of CdSe nanowires synthesized in 

TOPO F with added OPA and MOPA. Both experiments showed improved 

straightness and diameter distribution of the nanowires relative to the sample 

without the additives (Figure 2-1c and d).  But the length of the CdSe nanowires 

was less satisfactory, and usually less than 2 µm.  I also observed a small amount 

a b 

c d 

e f 
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of CdSe quantum dots forming in these syntheses, which are also evident in the 

TEM images. 

 

 

 

 

 

 

 

 

 

Figure 2-9. Representative TEM images of CdSe nanowires made from 

TOPO F + 10 mg OPA (a, b), + 12 mg MOPA (c, d),  

 

 

 

 

 

 

 

 

 

Figure 2-10. Representative TEM images of CdSe nanowires made from 

TOPO C + 12 mg of MOPA (a, b), + 33 mg of MOPA (c, d). 
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Figure 2-11. Representative TEM images of CdSe nanowires made from 

purified TOPO C + 5 mg of MOPA (a, b), + 12 mg of MOPA (c,d), and + 24 mg 

of MOPA (e, f). 

 

  Figure 2-10 and 2-11 show representative TEM images of CdSe nanowires 

synthesized in TOPO C and purified TOPO C with different amounts of added 

MOPA. The wire quality was slightly improved, but not as satisfactory as that 

achieved by adding DOPA. Furthermore, an increased amount of MOPA resulted 

in shorter wires. The length of the nanowires produced was less than 500 nm, and 

the wires were observed to be tapered (Figure 2-11 e and f). 
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Figure 2-12. Representative TEM images of CdSe nanowires made from 

TOPO C + 10 mg of OPA (a, b), and 30 mg of OPA (c, d) 

 

     Figure 2-12 and 2-13 show representative TEM images of CdSe nanowires 

synthesized from TOPO C and purified TOPO C with different amounts of added 

OPA. Straight nanowires having lengths of < 2 µm and uniform diameters along 

their lengths were grown in the presence of a small amount of OPA (Figure 2-13a 

and b). Larger amount of OPA induced short (< 1 µm), bent (Figure 2-12d), and 

branched (Figure 2-12c) wires, with poorer diameter control and diameter 

fluctuations along the wire.  From these results, neither MOPA nor OPA could 

reproduce the optimal results obtained with DOPA. 
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Figure 2-13. Representative TEM images of CdSe nanowires made from 

purified TOPO C + 5 mg of OPA (a, b), + 10 mg of OPA (c, d) and + 20 mg of 

OPA (e, f). 

 

       Other additives were found to have deleterious effects on CdSe nanowire 

growth.  Figure 2-14 and 2-15 show the representative TEM images of CdSe 

nanowires synthesized from TOPO C and purifed TOPO C with different amounts 

of DOPO added. Even in a small amount (i.e. 5 mg, 0.1 mol %), DOPO induced 

the growth of CdSe quantum dots (Figure 2-15a and b), while the nanowire 

quality was not improved.  In larger amount, even more quantum dots were 
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formed (Figure 2-14c and d).  When 1 g of DOPO (20% of the reaction solution) 

was used, almost no CdSe nanowires were formed. The majority of the product 

was CdSe quantum dots (Figure 2-14e and f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-14. Representative TEM images of CdSe nanowires made from 

TOPO C + 10 mg of DOPO (a, b), + 100 mg of DOPO (c,d), and +1 g of DOPO 

(e, f). 
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Figure 2-15. Representative TEM images of CdSe nanowires made from 

purifed TOPO C + 5 mg of  DOPO (a, b), 10 mg of DOPO (c, d) and 20 mg of 

DOPO (e, f). 

 

 

   Figure 2-16 shows representative TEM images of CdSe nanowires 

synthesized in purified TOPO C with different amounts of added ODOP. These 

nanowires were short (< 1 µm), with kinks and branching (Figure 2-16e and f). 
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Figure 2-16. Representative TEM images of CdSe nanowires made from 

purifed TOPO C + 5 mg of ODOP (a, b), 10 mg of ODOP (c, d) and 20 mg of 

ODOP (e, f) 

 

    The syntheses of the CdSe nanowires with added H3PO3 (4 mg, 0.4 mol %) 

and H3PO4 (5 mg, 0.4mol %) were not successful. Insoluble white suspensions 

were generated when H3PO3 or H3PO4 combined with precursor mixtures 

containing CdO, oleic acid (OA), HDA, and TOPO. No nanowires or other CdSe 

nanostructures were subsequently produced from the corresponding reaction 

mixtures. 
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Figure 2-17. Representative TEM images of CdSe nanowires made from 

various 90% TOPO samples: 04220MB (a, b), 08506DD (c, d), 06520ED (e, f) 

and 04301BA (g, h). 
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Figure 2-18. Representative TEM images of CdSe nanowires made from 

various 90% TOPO samples: 06820CH (a, b), and distilled 04220MB 

 

     The quality of the CdSe nanowires grown in 90% TOPO samples was even 

lower than that of nanowires grown in the 99% TOPO samples. Poorly formed 

wires, other irregularly shaped nanocrystals, and the occasional presence of dots 

indicated poor control over wire growth, which we attributed to the presence of 

impurities in the TOPO samples (Figure 2-17 and 2-18). Notably, a single 

recrystallization or distillation of 90% TOPO was insufficient to completely 

remove all harmful impurities, and such samples may also lack the beneficial 

impurity of DOPA (Figure 2-18 c and d). 
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   We demonstrated the growth of high-quality CdSe nanowires from the 

initially unsuccessful 99% TOPO specimens (TOPO F, TOPO C and purified 

TOPO C), by adding to them the beneficial impurity DOPA. The straightness and 

diameter uniformity of the nanowires were dramatically improved over those 

achieved in TOPO F, TOPO C or purified TOPO C only. Very narrow size 

distributions were obtained (Figure 2-19 and Table 2-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-19. Representative histograms of the size of CdSe nanowires made 

from TOPO C (a), purified TOPO C+ 5 mg of DOPA (b), TOPO F + 10 mg of 

DOPA (c), and TOPO C + 10 mg of DOPA (d). 
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Table 2-1 .  Diameter of the CdSe nanowires synthesized under different 

conditions 

 

Sample # size 

TOPO A 20511 8.4 ± 0.9nm (11%) 

TOPO F 20212 7.6 ± 1.0nm (13%) 

TOPO C 2109 7.9 ± 1.1nm (14%) 

Purified TOPO C (PTC) 30251 8.7 ± 1.9nm (22%) 

Purified TOPO F 20431 7.0 ± 1.5nm (21%) 

Purified TOPO F #2 30512 7.8 ± 1.6nm (21%) 

PTC + 5 mg DOPA 30131 8.2 ± 0.9nm (11%) 

PTC + 10 mg DOPA 30151 8.3 ± 0.9nm (11%) 

PTC + 20 mg DOPA 30212 8.8 ± 1.0nm (11%) 

TOPO F + 10 mg DOPA 21191 8.9 ± 1.1nm (12%) 

TOPO F + 12 mg MOPA 21311 7.5 ± 1.1nm (15%) 

TOPO F + 10 mg OPA 21071 7.5 ± 1.3nm (17%) 

TOPO C + 10 mg DOPA 21192 7.5 ± 0.9nm (12%) 

TOPO C + 12 mg MOPA 21352 7.1 ± 1.3nm (18%) 

TOPO C + 10 mg OPA 2113 7.5 ± 1.3nm (17%) 

PTC + 5 mg MOPA 30312 7.6 ± 1.2nm (16%) 

PTC + 12 mg MOPA 30111 8.4 ± 1.2nm (14%) 

PTC + 5 mg OPA 30132 7.6 ± 1.5nm (20%) 

PTC + 10 mg OPA 30112 8.3 ± 2.1nm (25%) 

   

 

     The results above established that small impurity concentrations 

dramatically influenced the synthesis of CdSe nanowires. MOPA, OPA and 

especially DOPA were beneficial at low concentrations, whereas larger amounts 

were detrimental to the quality of the wires. DOPO, ODOP, H3PO3 and H3PO4 

were deleterious at all concentrations studied. 99% TOPO specimens are 

sufficiently free of deleterious impurities that only an appropriate concentration of 

DOPA is required to produce excellent synthetic results. That is, 99% TOPO can 

probably be used without further purification. 
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     Although the various beneficial and harmful impurities were influential at 

comparatively low concentrations in TOPO, we note that they were present in 

molar quantities comparable to those of precursor species such as Cd(oleate)2. For 

example, a typical, optimized nanowire synthesis employed 0.047 mmol of CdSe 

and 0.034 mmol of DOPA. Therefore, the impurity levels in the commercially 

obtained 90% and 99% TOPO specimens, and the optimal levels of beneficial 

additives to purified TOPO, were stoichiometrically significant. 

 

 

Discussion  

Origins of TOPO impurities.  TOPO is manufactured by the sequential 

radical addition of 1-octene to PH3, followed by oxidation of the P(III) center 

(black branch of Figure 2-20). The varying numbers of alkyl chains, oxygen 

contents, and structures of the chains in the typical TOPO impurities (Figure 2-2) 

are consistent with this manufacturing process.  Figure 2-2 impurities have 0-3 

alkyl substituents corresponding to the number of 1-octene addition steps that 

occur prior to oxidation.  Thus, phosphoric acid (9) and phosphorous acid (10) are 

derived from oxidation of residual PH3, MOPA (7) and OPA (8) from (n-

octyl)PH2, and DOPO (6) and DOPA (3) from (n-octyl)2PH (blue branches of 

Figure 2-20). 
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Figure 2-20. Synthetic pathway for the manufacture of TOPO, and proposed 

pathways for the formation of the common TOPO impurities.  The symbol I· 

represents a radical initiator. 
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Occasionally, the radical addition occurs with reversed regiochemistry, 

resulting in a bond between P and C2 (rather than C1) of 1-octene.  Such reversed 

additions are responsible for the branched-chain isomers MHOPO (11), MHOPA 

(4), and MDOPO (1), the predominant TOPO impurity (red branches of Figure 2-

20).  We propose that ODOP (5) results from small amounts of 1-octanol formed 

in a side reaction (magenta branch of Figure 2-20).  Finally, we speculate that the 

unknown impurity 2 may be a TOPO analog having one hexadecyl chain 

replacing an octyl chain (green branch of Figure 2-20).  This compound may form 

by radical dimerization of 1-octene to 1-hexadecene, followed by its addition to 

(n-octyl)2PH, and subsequent oxidation of the resulting tertiary phosphine.  

Although most of these impurities are typically present in sub-percentage 

quantities, the amounts are stoichiometrically significant for nanocrystal 

syntheses conducted in TOPO, as noted above. 

 

 

 

31
P /MR spectroscopic analysis of TOPO impurities.  

31
P NMR analysis of 

the impurities preset in commercial TOPO was critically important to this study. 

These analyses were conducted by Dr. Fudong Wang, whom I thank. I am placing 

these results in the discussion to emphasize that they are not my own. The 

31
P{

1
H} NMR spectra for TOPO specimens used in this study are shown in 

Figures 2-21.  The TOPO resonance appeared at δ ≈ 44.5−46.5 ppm, along with 

many small resonances arising from impurities.  7−12 impurity peaks were found 
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in 99% TOPO, whereas over 16 impurity peaks were found in 90% TOPO.  The 

purities of the various TOPO specimens were determined by calibrated integration 

of the 
31

P NMR spectra, and were found to vary from 93 to 98 mol % for 99% 

TOPO, and from 87 to 95 mol % for 90% TOPO. 

  The impurity species in Figure 2-21 were arbitrarily assigned the compound 

labels 1–16.  TOPO A and TOPO F differed by the presence of impurities 2, 3, 4, 

5, and 11 and a larger amount of impurity 1 in TOPO A (Figure 2-20).  The 

remaining impurities in TOPO A and TOPO F were present in similar amounts, 

and thus were unlikely to be significantly beneficial or harmful impurities.  TOPO 

C and TOPO F differed by the presence of impurity 6 and larger amounts of 

impurities 1 and 12 in TOPO F.  Comparisons of the amount of impurity 1 present 

in these three TOPO specimens (3.1 mol % in A, 2.1 mol % in F, and 1.7 mol % 

in C) suggested that impurity 1 was unlikely a beneficial or harmful impurity.  

Additionally, the nanowires synthesized in TOPO C before and after 

recrystallization were of similar quality.  We will show below that 

recrystallization of 99% TOPO reduced all impurity levels, including 1 and 12, 

below our 
31

P NMR detection limit, indicating that impurities 1 and 12−16, which 

were present in TOPO C, were not significantly influential to the wire growth. 
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Figure 2-21 .  
31

P {
1
H} NMR spectra of TOPO F (03008CE), TOPO C 

(08716AH), TOPO A (00529CD), and 90% TOPO (06520ED) collected in d6-

acetone.  The peak intensities for TOPO (~ 45 ppm) were normalized and the 

impurities were arbitrarily labeled with compound numbers.  (a) The TOPO peak 

intensities were decreased to a lower value to show impurity 1.  Insets: magnified 

view of the TOPO peaks to show impurity 2 and the 
13

C satellites (*).  (b) The 

TOPO peak intensities were increased to a higher value to show all the impurity 

peaks.  Inset: magnified view of impurities 9 and 10 in the 90% TOPO 

(06520ED). 
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   The above reasoning suggested that impurity 6 may have been a harmful 

impurity in TOPO F, and that impurities 2, 3, 4, 5, and 11 may have been 

beneficial impurities in TOPO A.  Our next task was thus to identify impurities 2, 

3, 4, 5, 6, and 11 among the Figure 2-21 substances.  Therefore, each of the 

Figure 2-21 compounds was either obtained commercially or independently 

synthesized by adapting literature procedures.  These independent specimens were 

used to identify compounds 3, 4, 5, 6, and 11 by 
31

P NMR, as described below.  

Compound 2 has not been positively identified, but is not necessary to the growth 

of high-quality CdSe nanowires. 

Impurity 3 was identified as DOPA by measuring the 
31

P NMR spectrum of 

DOPA (d6-acetone) in the presence and absence of TOPO.  Like many Figure 2-

21 compounds, DOPA exhibited a concentration-dependent chemical shift in 

mixtures with TOPO, due to hydrogen bonding.  DOPA exhibited a chemical shift 

of 58.6 ppm in the absence of TOPO (Figure 2-22).  However, when a small 

concentration of DOPA (0.5 mol %) was added to TOPO A, the resonance for 

impurity 3 was enhanced and shifted to 47.0 ppm (Figure 2-22), slightly 

downfield of its position in TOPO A and significantly upfield of the chemical 

shift of “pure” DOPA (in d6-acetone).  As the amount of DOPA added to TOPO 

A was increased, the impurity-3 resonance was further enhanced and 

progressively shifted downfield, towards the position of “pure” DOPA.  

Consequently, DOPA and 3 are the same substance, with a concentration of 0.44 

mol % in TOPO A.  DOPA was similarly identified as 3 in 90% TOPO, in which 

its concentration varied from 0.3−3 mol %. 
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Figure 2-22.  
31

P{
1
H} NMR spectra for identifying DOPA in TOPO A 

(00529CD).  The spectra were collected in d6-acetone.  The peak intensities for 

TOPO were normalized and the DOPA peaks labeled in red.  Note the DOPA 

resonance in the mixtures shifted upfield from its pure form, whereas the 

resonance of TOPO and other impurities shifted downfield with increasing DOPA 

concentration.  Insets: magnified view of the TOPO peaks to show the shifting of 

impurity 2.  The 
13

C satellites (*) are labeled. 
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 In the course of the DOPA identification, we observed that the impurity-4 

resonance remained a constant 3.8 ppm downfield of the DOPA resonance in 

TOPO (Figure 2-22), irrespective of the concentration of DOPA and therefore the 

absolute chemical shift of DOPA (Figures 2-21, and 2-22).  Because of its similar 

spectroscopic behavior, we surmised that impurity 4 was possibly a DOPA isomer 

with a branched octyl (i.e., 1-methylheptyl) chain.  This was confirmed by 

addition of the DOPA isomer MHOPA (Figure 2-20) into 90% TOPO, for which 

the MHOPA resonance merged with that of 4. 

  Through related 
31

P NMR experiments, seven additional TOPO impurities 

were identified as indicated by the compound numbers (labels) in Figure 2-20.  

The resonance for DOPO added to a 90%-TOPO sample superposed with that of 

impurity 6, at 32.1 ppm.  The proton-coupled 
31

P NMR spectrum of DOPO 

matched that of impurity 6 in 90% TOPO, giving the expected doublet with a 

coupling constant of 
1
JH-P = 446 Hz. The most-prominent impurity in nearly all of 

the TOPO specimens, compound 1, was confirmed to be the branched-chain 

TOPO isomer MDOPO.  It is neither a harmful or beneficial impurity.  Other 

significant impurities in the 90%-TOPO specimens (but not in the 99% 

specimens) were MOPA (7), OPA (8), phosphoric acid (H3PO4, 9) and 

phosphorous acid (aka phosphonic acid, H3PO3, 10).   

  As noted above, another prominent impurity, compound 2, was not 

positively identified.  The 
31

P NMR chemical shift of 2 was very close to that of 

TOPO, such that it was always observed on the high-field shoulder of the TOPO 

resonance (Figure 2-21a).  Because the chemical shift of 2 (relative to TOPO) was 
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unchanged after addition of NH4OH (aq), it contained no acidic proton and 

therefore no P-OH group.  We concluded that 2 was likely a trialkylphosphine 

oxide, like TOPO.  The two likely branched-chain TOPO isomers EDOPO and 

DMOPO (Figure 2-20) were synthesized, but their chemical shifts were 

significantly downfield from that of TOPO, excluding them as significant 

impurities.  We speculate that 2 is a trialkylphosphine oxide with two n-octyl 

groups and one longer-chain, unbranched substituent.  As such its 
31

P NMR 

chemical shift and chemical properties would be very similar to those of TOPO. 

Conclusion 

  The solvent TOPO has been critically important to the development of 

colloidal nanoscience.  In TOPO the first modern synthesis of semiconductor 

quantum dots was achieved. The adventitious impurities in TOPO were 

responsible for the discovery of semiconductor quantum rods.  These impurities 

significantly influence the rates of nanocrystal formation, the nanocrystal 

morphologies, and the reproducibilities of nanocrystal syntheses in TOPO.  In this 

Chapter, I have discussed the effects of various TOPO impurities on the synthesis 

of the CdSe quantum wires. Combined with the results from the 
31

P NMR study, 

dioctylphosphinic acid (DOPA) proved to be the important beneficial impurity 

that helped the nucleation and growth of the CdSe nanowires. With a suitable 

amount of DOPA added to purified commercial TOPO, we can achieve the best 

morphology control over the CdSe nanowires.  Now the use of purified TOPO 

with controlled amounts of specific additives will allow rational and reproducible 

nanocrystal syntheses. 
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Experimental Section 

Materials.  n-Octylphosphonic acid (OPA, 99%, Lancaster), tri-n-

octylphosphine (TOP, 90%, Aldrich), oleic acid (OA, 90%, Aldrich), selenium 

(Se, 99.99%, Aldrich), cadmium oxide (CdO, 99.99%, Aldrich), and 1-octadecene 

(ODE, 90%, Aldrich) were used as received.  n-Hexadecylamine (HDA, 90%, 

Aldrich) was vacuum distilled at 200 °C (~0.1 torr).  Tri-n-octylphosphine oxide 

(TOPO, 90% and 99%) specimens were purchased from Aldrich, if not otherwise 

specified.  The batch numbers for the 99% TOPO were 00529CD (TOPO A, for 

growth of high-quality CdSe quantum wires), 03008CE (TOPO F, resulting in 

poor-quality CdSe quantum wires), 08716AH (TOPO C, resulting in average-

quality CdSe quantum wires).  The batch numbers for the 90% TOPO were 

04028DJ, 04220MB, 04301BA, 06520ED, 06820CH, 08506DD, B4751105 

(Strem), and B1026024 (Strem).  A CYANEX 921 sample (batch no. 

WE7060753B) was provided by Cytec Canada Inc.  A 9.0-nm-diameter Bi-

nanoparticle stock solution (containing 0.04 mmol Bi atoms/g solution) was 

prepared as previously described.
76

 The TOPSe stock solution was prepared by 

dissolving Se (4 g, 0.051 mol) into TOP (22 g, 0.059 mol) at ~100 °C under dry, 

O2-free N2 (g).  A second portion of Se (1 g, 0.013 mol) was added into the 

mixture to ensure all TOP had been converted to TOPSe.  The liquid fraction of 

the mixture was subsequently used. 

 

Purification of TOPO.  Three TOPO samples were fractionally distilled 

under vacuum to decrease the concentrations of impurities. TOPO F (03008CE) 
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was purified by distillation, retaining the fraction transferred between 190−230 °C 

at 0.35 torr.  90% TOPO (04220MB) was purified by distillation, retaining the 

fraction transferred between 200−260 °C at 0.5 torr.  The Strem 90% TOPO 

(B4751105) was purified by distillation, retaining the fraction transferred between 

180−240 °C at 0.25 torr. 

 Purified TOPO (~80 g) was obtained via recrystallization of TOPO C 

(08716AH, 100 g) in acetonitrile (200 mL)
6
. In a similar manner, purified TOPO 

could be obtained from 90% TOPO by double recrystallization.  Briefly, the 90% 

TOPO (500 g) was dissolved in acetonitrile (2 L) at ~80 °C.  The solution was 

allowed to cool to room temperature to recrystallize the TOPO solute (1−2 days).  

The white solid isolated by suction filtration was redissolved in acetonitrile (1 L) 

at ~80 °C.  The solution was allowed to cool to room temperature overnight to 

recrystallize the TOPO solute.  Suction filtration yielded shiny, free flowing, 

needle-like crystals (~250-275 g, 50-55%).  If the 90% TOPO appeared to be 

sticky and oily (i.e., Strem B4751105), a fractional distillation was performed, 

followed by a double recrystallization (with ~45% overall yield). 

 

Syntheses of TOPO impurities.  Syntheses of DOPA
76

, MOPA
77

, DOPO
77

, 

and ODOP
78 

were adapted from literature methods as described previously. 

 

Synthesis of CdSe /anowires.  All synthetic procedures were conducted 

under dry, O2-free N2 (g), but the isolation and purification steps were conducted 

in the ambient atmosphere.  In a typical preparation of high-quality CdSe 
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nanowires, CdO (6 mg, 0.047 mmol), OA (53 mg, 0.19 mmol), HDA (50 mg, 

0.21 mmol), DOPA (10 mg, 0.034 mmol), and 99% or purified TOPO (5 g, 12.9 

mmol) were loaded into a 50-mL Schlenk reaction tube.  A Bi-nanoparticle stock 

solution (23 mg, 0.00092 mmol Bi atoms), TOPSe (500 mg, 1.1 mmol), and TOP 

(100 mg, 0.27 mmol) were combined in a separate vial, which was septum 

capped.  The mixture of Bi nanoparticles and TOPSe was then loaded into a 3-mL 

syringe.  The reaction mixture in the Schlenk tube was degassed under vacuum 

(0.01−0.1 torr) at 100 °C for 15 min, back-filled with N2(g), and then inserted into 

a 320 °C salt bath (NaNO3/KNO3, 46:54 by weight) to achieve a clear solution.  

(The time required to dissolve CdO in 90% and 99% TOPO and the optical clarity 

of the resulting solutions are listed in Table 2-2).  The Schlenk tube was switched 

to a 250 °C salt bath, and the mixture of Bi nanoparticles and TOPSe was quickly 

injected into the tube.  A reddish to brown color resulted in about 5 s.  The tube 

was withdrawn from the bath after 5 min and allowed to cool to room 

temperature. 

The nanowires were isolated as a brown precipitate from a 1-mL aliquot of the 

reaction mixture (before its solidification, or upon gentle warming to melt the 

TOPO) by adding toluene (ca. 2 mL) and methanol (ca. 2 mL), followed by 

centrifugation (benchtop centrifuge) and decanting of the supernatant.  The 

precipitate was redispersed in toluene to form a uniform and optically clear light-

brown dispersion for spectroscopic analysis.  For TEM analysis, the quantum wire 

precipitate was subjected to an additional dispersion-centrifugation cycle in a 

mixture of toluene (ca. 2 mL) and methanol (ca. 6 mL).  The nanowires ultimately 
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were redispersed in toluene.  Carbon-coated copper grids were dipped in the 

toluene solution of quantum wires and then immediately taken out to evaporate 

the solvent. 

Table 2-2.  Time required to dissolve CdO in 90% and 99% TOPO, optical clarity 

of the resulting solutions, and final products in the CdSe quantum wire synthesis. 
TOPO samples 

(batch 

numbers) 

Time 

(min)* 

Color/clarity of 

resulting solution 

Product 

TOPO A (00529CD) 10 colorless/clear Long (> 5 µm), straight, uniform wires with 

narrow diameter distributions 

TOPO C 

(08716AH) 

20 colorless/clear Straight wires with broad diameter 

distributions and intermediate length (< 2 

µm) 

Recrystallized 

TOPO C 

20 colorless/clear Wires (similar as TOPO C) 

TOPO F 

(03003CE) 

20 slightly 

yellowish/clear 
Short (< 1 µm), kinked, and branched wires 

with broad diameter distributions 

Distilled TOPO 

F 

15 colorless/clear Wires (with length and straightness 

improved over TOPO F) 

90% (06520ED) 30 whitish/a little opaque Short, thick, branched, and kinked wires 

with broad diameter distributions, and 

nanocrystals 

90% (08506DD) 25 slightly 

yellowish/clear 

Short wires and irregularly shaped 

nanocrystals 

90% (04301BA) 25 whitish/a little opaque Short, thick, branched, and kinked wires 

with broad diameter distributions, and 

nanocrystals 

90% (04028DJ) 20 whitish/opaque Very short, branched, and kinked wires, and 

nanocrystals 

90% (04220MB) 45 slightly 

yellowish/clear 

Few short wires and many irregularly 

shaped nanocrystals 

Distilled 

04220MB 

30 slightly 

yellowish/clear 

Short wires and irregularly shaped 

nanocrystals 

90% (Strem 

B1026024) 

20 pale yellowish/clear Short, thick, branched, and kinked wires 

with broad diameter distributions, and 

nanocrystals 

90% (Strem 

B4751105) 

30 whitish/opaque No products could be isolated 

Distilled Strem 

B4751105 

30 whitish/opaque No products could be isolated 

Singly 

recrystallized 

90% (06820CH) 

50 grayish, whitish/ 

opaque 

Short and straight wires with occasional 

branching and kinks, and nanocrystals 
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Chapter 3 

Photo-induced photoluminescence enhancement of SLS- 

grown CdSe quantum wires and the measurement of 

photoluminescence quantum yield 
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Introduction 

             Nanometer-scale CdSe semiconductor quantum wires represent one-

dimensional structures where the exciton wavefunction is confined in two 

dimensions. This property of quantum wires creates unique optical characteristics 

such as wavelength-tunable photoluminescence (PL). However, improvements in 

PL efficiencies are required before quantum wires may be used in applications. I 

report such improvement in this chapter. 

            The activation of quantum dots with UV or visible light is a powerful tool 

for increasing their photoluminescence after their preparation or further 

functionalization.
1, 2

 Despite intense research into light-induced PL enhancement 

of semiconductor nanoparticles during recent years,
2-11

 the mechanism of this 

process is not yet fully understood. This is because various parameters, such as 

oxygen, water, gaseous molecules, stabilizing agents, or the preparation history of 

the quantum dots can influence the photo-activation process.
2, 4-10, 12, 13

 So far, four 

possible mechanisms for the photo-activation of quantum dots have been 

proposed:
12, 13

     i) photon-induced passivation of surface states,
6, 14, 15

 ii) photon-

induced surface transformations,
5, 7, 14-16

 iii) photoneutralization of local charge 

centers inside and outside the quantum dots,
17

 and iv) photoelectrification, 

corresponding to photoionization of the quantum dots and subsequent trap filling 

by ejected charge carriers, leading to a suppression of the ionization probability of 

the remaining neutral quantum dots.
12, 18

 The photon-induced passivation of 

surface states by physisorption of gaseous and solvent molecules is a reversible 

process, 
6, 14, 16

 whereas the photon-induced transformation of the particle surface 
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or the core/shell interface is an irreversible process.
5, 7, 14-16

 Charge carriers, 

generated by irradiation with light, are postulated to interact with oxygen that is 

present in the environment, leading to the formation of O2
-
 ions. The remaining 

holes on the quantum dots surfaces oxidize Se atoms on the surface of the 

particles yielding SeO2.
4, 19

 Subsequently, SeO2 desorbs from the particles leading 

to a smoothing of the quantum dot surface. As a consequence, the non-radiative 

decay of excitons is reduced and thus the PL increases.  

             Further, it has to be considered that light irradiation of semiconductor 

nanoparticles may also cause photo-quenching. If the light intensity is low, photo-

activation processes dominate.
11

 An enhancement of the light intensity or an 

extension of the irradiation time leads to competition between activation and 

quenching processes and finally to a dominance of deactivation processes. Under 

these conditions, irradiation causes the destruction of bonds at the surface of the 

nanocrystals, as well as the creation of new defects, whose energy states are 

located inside the bandgap.
8
 As a consequence, the probability of radiative 

electron-hole recombination decreases.  

                However, the photo-enhancement of semiconductor quantum wires has 

not been studied due to the lack of well-controlled nanowires with reasonable 

photoluminescence intensities. Our optimized synthesis of CdSe nanowires, 

described in Chapter 1, now allows us to study the photo-enhancement 

phenomenon in 2-D confined quantum nanostructures. 

                In this chapter, I discuss the photo-induced photoluminescence 

enhancement of colloidal CdSe nanowires. I have systematically investigated the 
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role of those parameters affecting the photo-activation of the CdSe quantum wires. 

Luminescent impurities in our colloidal CdSe quantum-wire system have been 

identified, therefore allowing reliable PL quantum yields for the CdSe nanowires 

to be determined. 
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Results and Discussion  

Photo-induced PL enhancement.   

             The as-prepared CdSe nanowires generally exhibited poor 

photoluminescence efficiency even when they had good morphology control and 

were well suspended in toluene. The quantum yield of the as-prepared samples 

from the earlier synthesis (with no added phosphinic or phosphonic acid) was 

around 0.2%, which is low compared to the quantum yield of CdSe dots 

(generally > 20% as-prepared
20-22

). However, when the nanowire dispersions were 

allowed to stand in the fume hood under the illumination of fluorescent lights, the 

PL intensity and the quantum yield were observed to increase. Photoluminescence 

spectra were recorded over several days. The relative intensity of the excitonic 

features of the wire samples showed a significant enhancement after 3 - 4 days 

and reached a maxium after 6 - 7 days. The photo-induced PL enhancement of the 

CdSe nanowires followed a roughly exponential rise over the early days (Figure 

3-1). In a fast rise at the early stage of the PL enhancement, the intensity of the PL 

peak increased by 50% of the total enhancement (1 - 2 days). Then the 

enhancement rate gradually slowed down, and reached the maximum intensity 

after 6 - 7 days. After that, the intensity of the photoluminescence began to 

decrease slowly. The decrease may due to the penetration of oxygen or water 

molecules through the network of surface ligands, therefore oxidizing some 

surface atoms to create surface traps.   
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Figure 3-1. The evolution of the photoluminescence enhancement and the fitting 

of the intensity data of two samples. The diameter of the nanowires is ~10 nm. 

 

 

         The procedure for the photo-induced photoluminescence enhancement was 

very simple. The intensity of the fluorescent lights in the fume hood at the cuvette 

was 0.5 mW/cm
2
.  Under this condition, the enhancement process was slow and 

no damage was caused to the morphology of the CdSe nanowires (see below).  
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Measuring the PL quantum yield. 

             The band-edge emission from semiconductor nanocrystals has to compete 

with both radiative and non-radiative decay channels originating from surface 

electronic states. In colloidal 1-D CdSe nanostructures (nanorods and nanowires), 

there are additional factors that further reduce the luminescence when compared 

to spherical CdSe nanocrystals. In nanowires, the surface-to-volume ratio is 

higher than in spheres. This increases the occurrence of surface trap states, which 

reduce the luminescence. 

             Fluorescence intensity is proportional to the concentration of a species, its 

absorption cross section (or absorptivity) at the excitation wavelength, and its 

fluorescence quantum yield. The measurement of fluorescence quantum yields 

can often be difficult and troublesome, and the need for absolute care during 

every step cannot be over emphasized.  

              To get reliable quantum yields for the CdSe quantum wires, the 

following procedure needs to be carefully followed. 

 

1) Selection of the standard 

             First of all, a standard sample is required for measurement of the quantum 

yield. The standard sample should be chosen to ensure it absorbs at the excitation 

wavelength of choice for the wire samples, and emits in a similar region as the 

wire samples. Freebase TPP (tetraphenylporphyrin, H2TPP) is selected to be the 

best standard for our CdSe nanowire samples. It’s well characterized and with the 
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best emission wavelength which is suitable for the quantum-yield measurements 

for our wire sample. The organic structure of freebase TPP is shown in Figure 3-2.    

 

 

 

 

 

 

  Figure 3-2.  Structure of freebase TPP (tetraphenylporphyrin). 

 

2) Determination of the correct concentration range. 

             In order to minimize re-absorption effects,
23

 absorbance in the 10 mm 

fluorescence cuvette should be at a low value (< 0.15 A) at and above the 

excitation wavelength. Above this level, non-linear effects may be observed due 

to inner-filter effects, and the resulting quantum yield values may be unreliable.  

            The detail of this procedure is described in the experimental section. 

 

3) Background correction. 

            In the absorption and photoluminescence spectra of the CdSe quantum 

wires, a rise to the higher energy of the PL peak, a “shoulder” or rising 

background is always observed (Figure 3-3). The PL feature from the wire 

excitonic emission should be a Guassian-like peak. The “shoulder” must be from 

other substances remaining in the CdSe quantum-wire sample. 
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Figure 3-3. Typical absorption spectrum and photoluminescence spectrum of 

ensemble CdSe quantum wire sample and Freebase TPP. 

 

             The existence of this “shoulder” in the PL spectrum complicates 

quantum-yield measurement. This species absorbs at the excitation wavelength, 

and emits a feature that overlaps in the PL spectrum of CdSe quantum wires. Thus 

not all of the absorbance at the excitation wavelength is by CdSe quantum wires, 

and part of the integrated PL is not from CdSe quantum wires. 

             To solve this problem, I first needed to find out what substance was 

responsible for the emission of the “shoulder”.  Because several reagents were 

used during the synthesis of the CdSe quantum wires, many possibilities existed 

for emissive impurities. 

             We also observed green material by confocal microscopy of single CdSe 

wire. Presumably, this green material was responsible for the shoulder in the 

ensemble PL spectra (Figure 3-3). This impurity could not be removed by the 

purification procedure, but was bleached when illuminated with high power. To 

investigate which reagents contributed to the green material, control experiments 
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were performed. Various combinations of the reagents used in the nanowire 

synthesis were combined under the same conditions used for wire synthesis 

(duration, temperature, amount, etc.). These various combinations were placed in 

the confocal microscope to examine their appearance. These result are shown in 

Table 3-1. 

 

Table 3-1.  Observations of the different reagent combinations under the confocal 

microscope. 

Component Phenomenon in microscope 

Bi + TBP Green fluorescent pools 

Bi 
Small green speckles, initially very bright 

fluorescence/fades very quickly upon irradiation 

TOPO + HDA + 

OA + Bi 
Green fluorescent species 

TOPO/HDA/OA 
Fluorescent drops (green small dots) , very weak 

compared to Bi samples 

TOPO/HDA Very very weak fluorescence  

HDA Blinking ‘species’ 

OA Weak fluorescence drops/background fades quickly 

TOPO No fluorescence  

 

             From the results, only the Bi-related reagent combinations were observed 

to produce green material. This indicated that Bi was forming some complex with 

another reagent in the reaction that emits green light. Studies of solid-state 

compounds containing Bi have shown emission from Bi
3+

 in the green region at 
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2.40 eV (~ 517 nm).
24, 25

 This result is similar to our observation. Thus, the Bi 

catalyst in the reaction system may form a Bi
3+ 

complex with another reagent 

present.  

            To further investigate what compound was formed during the reaction, 

MALDI-MS (Matrix Assisted Laser Desorption Ionisation - Mass Spectrometry) 

was obtained from from CdSe quantum-wire samples (Figure 3-4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4. MALDI-MS out view of a CdSe quantum-wire sample in DHB (2, 5-

Dihydroxy benzoic acid).  The inset is the zoom view of the peaks around 1037.7 

m/z. 

 

              Only 4 major signals were observed in the MALDI-MS experiment. The 

signal around 1037.7 m/z is a very complex 8-peak pattern. This signal is from Cd 

compounds due to the various natural isotopes of Cd. MS/MS (Tandem mass 
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spectrometry) experiments of the CdSe quantum wires were conducted to 

investigate the compositions corresponding to the first 3 signals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5.  MS/MS spectra of fragments from a CdSe quantum-wire sample. (A) 

MS/MS at 965.7 m/z, (B) MS/MS at 981.7 m/z and (C) MS/MS at 989.7 m/z 

 

            All the MS/MS results were very simple and clear. The possible 

assignments are listed in Figure 3-5. The results indicate that the fragments all 

contain Bi, which is consistent with the observation under the microscope. The 

green material that emits at higher energy and contributes to the “shoulder” of the 

PL spectrum of CdSe quantum wire is a Bi
3+

(TOPO)n(TOP)m compound.  

            The next step was to synthesize this Bi
3+

 compound to calibrate the 

background of the PL spectrum of the CdSe quantum wires. Reactions of BiCl3 
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and TOPO or TOP were conducted. Table 3-2 shows the appearance of the 

resulting mixtures. 

 

    Table 3-2. Color and appearance of BiCl3 and reaction with TOP and TOPO 

TOP Clear colorless 

BiCl3 Gray-white powder 

TOPO White powder 

TOP+BiCl3 before heat Clear brown solution 

TOPO+BiCl3  Heat@ 240 
o
C Cannot dissolve  

TOP+BiCl3 heat @ 240 
o
C Clear yellowish-green solution 

 

             From the color, a Bi
3+

(TOP)m compound is the green material formed at 

the reaction temperature. The formation of the Bi
3+

(TOP)m compound was further 

proven by a NMR study, which is shown in Figure 3-6. 

 

 

 

 

 

 

 

 

 

 

Figure 3-6. NMR spectra of TOP alone, TOP + BiCl3 before heating and TOP + 

BiCl3 after heating at 240 
o
C for 10 min. 

             

TOP 

[TOP] 

[TOP + BiCl3 before heating] 

[TOP + BiCl3 after heating 
@240 

o
C for 10 min] 

Bi(TOP)m 
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 The shift and broadening of the TOP peak from -32.5 ppm to -24.5 ppm revealed 

a reaction between Bi
3+

 and TOP, forming a coordination compound that emitted 

green light upon illumination. The absorption and PL spectra of this compound 

are shown in Figure 3-7. 

 

 

 

 

 

 

Figure 3-7. (a) Absorption and (b) photoluminescence spectra of the Bi
3+

(TOP)m 

compound. The red curve in PL spectrum is the exponential fit of the PL. 

 

             The low-energy edge of the PL peak from Bi
3+

(TOP)m matched the 

“shoulder” in the PL spectra of the CdSe quantum wires. This result further 

proved the formation of the Bi
3+

(TOP)m compound during the wire synthesis. 

Furthermore, overheating this compound destroyed the yellowish-green color, 

which also matched the bleaching of the green material under the microscope with 

long-time laser irradiation. 

 

Analysis of CdSe quantum-wire spectra by subtraction of the Bi
3+

(TOP)m 

feature. 
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           With the PL spectrum of the green material, this feature can be fit and 

subtracted from the CdSe quantum-wire PL spectra, therefore allowing 

determination of reliable PL quantum yields for the CdSe quantum wires.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. Fitting of the Bi
3+

(TOP)m feature in the PL spectrum of CdSe 

quantum wires. 

 

             Figure 3-8 shows the fitting of the background “shoulder” in the PL 

spectrum of a CdSe quantum-wire sample. I first fit the background of the 

quantum-wire spectrum with an exponential, which is shown as the red curve. A 

similar fit is shown for the PL spectrum of Bi
3+

(TOP)m, which is the orange curve. 

The orange curve was scaled to the red curve by dividing by a constant (2.48).  

Therefore, the absorbance of Bi
3+

(TOP)m at the excitation wavelength (488 nm) 

was determined by dividing the absorbance in Figure 3-7a by the same constant. 
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By subtracting this value from the absorbance of the CdSe quantum-wire sample, 

the absorbance of only the CdSe quantum wires was obtained. After subtracting 

the fitted green feature from the PL spectrum of the CdSe quantum wires, a 

reliable PL quantum yield was calculated (Figure 3-9). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-9. The fitting of the PL spectrum of a CdSe quantum-wire sample after 

subtracting the green material. 

 

              The PL quantum yield of the CdSe nanowires was calculated by Eq. 1, 

where PLwire_integration and PLfreebase_integration correspond to the integrated PL, and 

Afreebase and Awire respond to the corrected absorption values as described above. 

 

 

 

QYwire = QYfreebase (PLwire_integration/PLfreebase_integration) / ( Afreebase/Awire)   (1) 
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The role of precursors. 

             I initially discussed the photoluminescence (PL) effect with CdSe 

nanowire samples that had been allowed to stand under normal fluorescent 

lighting in the fume hood. However, not all CdSe nanowires were observed to 

undergo a photo-induced photo-luminescence enhancement. The behavior of the 

nanowires depended on the precursors and additives used in their synthesis.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-10.  Temporal evolution of the photoluminescence spectra of as-

prepared and aged CdSe nanowires prepared from Cd(stearate)2. The nanowires 

were illuminated under fluorescent lamps for various periods. 

 

            Nanowires prepared from Cd(stearate)2 exhibited no photo-enhancement. 

The PL spectra of these CdSe nanowires showed no significant differences upon 

irradiations (Figure 3-10) for up to 10 days under the fluorescent lamps. The 
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minor increase in the PL intensity with time was likely due to the loss of a small 

amount of toluene solvent, which CdSe nanowires were dissolved in.  This result 

indicated that no photo-enhancement occurred for wires made from Cd(stearate)2. 

               When a toluene solution of CdSe quantum wires made from Cd(OA)2 

was subjected to continuous illumination under the fluorescent lamps in the fume 

hood for several days, the intensity of the PL was found to undergo significant 

enhancements.
7
 Two factors were important to the photoluminescence 

enhancement in the CdSe quantum dots, one is oxygen, and the other one is light.  

These factors were also likely important to the photo-enhancement in the CdSe 

quantum wires. Four parallel experiments were conducted to investigate these 

factors. A CdSe nanowire solution in toluene was distributed into 4 different 

cuvettes. Two of the cuvettes were degassed and bubbled with nitrogen for 2 

hours, and sealed to prevent contact with air. The other two cuvettes were septum 

capped with a syringe needle inserted into each septum to provide air exposure. 

One of the sealed cuvettes and one of the opened cuvettes were illuminated with 

the fluorescence lamps. The other two samples were kept in the dark. PL spectra 

were obtained from the four samples for several days. 
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Figure  3-11.  Evolution of the PL intensity in a CdSe nanowire sample (~8 nm 

diamater) under four conditions discussed in the text.  

 

           The photoluminescence of the CdSe quantum-wire samples at these four 

conditions was observed to enhance in all cases (Figure 3-11). The results 

established that the PL in the samples exposed to light (blue triangles and green 

triangles in Figure 3-11) enhanced more than in the samples kept in the dark 

(black squares and red circles in Figure 3-11). Only a slightly difference was 

observed between the samples in oxygen and inert atmosphere. Therefore, light 

was determined to be the more important factor than oxygen for the PL 

enhancement of CdSe nanowires.  Oxygen may also have some effect, but not as 

significant as that of light. Since the quantum-wire purification procedures were 

conducted in the air, the wires were exposed to oxygen and water, at least briefly 
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in all cases. Therefore, a possible role for oxygen may not be excluded for the 

enhancement of PL efficiency upon aging. 

   

 

The role of light power density.           

           The PL enhancement of the CdSe quantum wires was observed to occur 

under different light sources. Different light intensities varied the rate of the 

photoluminescence enhancement.  The light power of the fluorescent lamps in the 

fume hood is about 0.5 mW/cm
2
, under which most of our photo-induced PL 

enhancement experiments were conducted. I also used a much more intense UV 

lamp (power density ~ 600 mW/cm
2
) to irradiate the wires. The result of the 

enhancement is shown in Figure 3-12. Note that the photo-induced PL 

enhancement of CdSe quantum wires under fluorescent lamps usually required 

several days to achieve a maximum PL efficiency. But under the much stronger 

UV irradiation, this process was much faster, taking only several minutes. The as-

prepared CdSe quantum wires exhibited a weak PL intensity (Figure 3-4, black 

curve). After 1 - 2 min of irradiation, the PL intensity was significantly increased 

(red and green curves). After 4 - 5 min, the enhancement of the PL intensity of the 

CdSe quantum wires reached a maximum, for which the intensity of the excitonic 

feature is 10 times the original (yellow and indigo curves). However, when 

ensembles of CdSe quantum wires were irradiated for more than 5 min, the 

relative PL intensity began to decrease, likely as a result of surface 

photochemistry that created additional surface traps. 
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Figure 3-12. Photoluminescence spectra of CdSe quantum wires (~8 nm) 

irradiated with a UV lamp (600 mW/cm
2
) for various periods. The normalization 

procedure is described in the experimental section. 

 

   

Solvent effect. 

             Because the CdSe nanowires were passivated by several kinds of organic 

surfactants (TOPO, TOP, and oleic acid etc.), they were dispersible in various 

non-polar solvents. Experiments were conducted to determine if the solvents 

would affect the photo-induced PL enhancement of the CdSe nanowires. 
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            The photo-enhancement was investigated in toluene, hexane and 

chloroform. Enhancement was observed in all the solvents, as shown in Figure 3-

13.  

          

 

 

 

 

 

 

 

Figure 3-13.  (a) Evolution of the PL intensity of a CdSe nanowire sample in 

various solvents. (b) The peak position evolution over the same time period. 

 

             Figure 3-13a shows only a slight enhancement-rate difference in the 

solvents investigated, which indicated that the PL enhancement of the CdSe 

quantum wires has no significant solvent effect. The differences in the intensity of 

the excitonic PL peak observed were most likely caused by the solubility 

differences of CdSe nanowires in these solvents. After the CdSe quantum-wire 

dispersions stand for hours or days, depending on the solvent, the nanowires 

precipitate. The length of the time the quantum wires remain suspended is several 

hours in hexane, 1 – 2 days in toluene, and several days in chloroform. The 

precipitated wires do not absorb light as efficiently as suspended wires, which 

results in slightly different enhancement rates in the three solvents. 
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          Various studies have verified that a blueshift of the emission spectrum often 

evidences a decrease in particle size during the photo-enhancement studies of 

quantum dots.
4, 19

 Generally, the reason for this observation is the oxidation of the 

particle surface and subsequent desorption of SeO2. This process is accompanied 

by the release of Cd
2+

 from the particle surface. Unlike the observations obtained 

from the quantum dot studies, our CdSe quantum wires show no peak shift during 

the photo-induced PL enhancement. Figure 3-13b shows the PL peak position 

over the enhancement time period. During the photo-induced PL enhancement of 

the CdSe quantum wires, the diameter of the nanowires does not decrease, as no 

blue shift was observed during this experiment. Figure 3-14 shows the TEM 

images of the as-prepared CdSe nanowire sample and the aged sample after 

irradiation for 2 weeks. The CdSe nanowires after aging were still straight and 

long. No dissolution or breaking of the CdSe nanowires were evident. 

Furthermore, no obvious diameter change was observed, which is consistent with 

the stability of PL peak position over the enhancement period.  
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Figure 3-14. Representative TEM images of a CdSe nanowire sample as-prepared 

(a, b) and after room light exposure for 2 weeks (c, d). 

 

              The CdSe nanowires prepared by the earlier method without the addition 

of phosphonic or phosphinic acid exhibited a better dispersibility in toluene than 

in chloroform. The dispersibility decreased in the order toluene > chloroform > 

hexane. However, the new synthesis with additional acids to correct the TOPO 

problem (Chapter 2) gives nanowires that have better dispersibility in chloroform. 

The dispersibility of the “new” CdSe nanowires decreases in the order chloroform 

> toluene > hexane. The additional phosphonic acid or phosphinic acid added into 

the reaction system increased the polarity of the synthesized CdSe nanowires; 

a b 

d c 
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therefore, chloroform becomes a better solvent for suspending CdSe nanowires 

because of its larger dielectric constant (Table 3-1). Although the newly prepared 

CdSe quantum wires disperse better in chloroform, chloroform has some 

disadvantages such as dissolving the carbon film on TEM grid. We still use 

toluene as the primary solvent for our optical measurements and preparing TEM 

grids for microscopy.  

      

 

       Table. 3-3 Formula and dielectric constant of toluene, chloroform and hexane. 
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The role of stirring. 

             During the photo-induced photoluminescence enhancement, I observed 

the aggregation and precipitation of CdSe nanowires out of toluene solution when 

the concentration of the ensemble nanowire solution was high. The precipitation 

was expected to decrease photo-enhancement efficiency. A control experiment 

was performed to compare the difference between keeping the nanowires 

suspended in solution and allowing them to partially settle. A CdSe wire sample 

in toluene with a high concentration was divided into two identical cuvettes, and a 

small stir bar was put into one of the cuvettes. Both cuvettes were capped and 

wrapped with parafilm to minimize contact with air and water. The temporal 

evolution of the PL for both samples was recorded (Figure 3-15).  

            Both of the samples exhibited the photo-induced PL enhancement upon 

illumination. The signal-to-noise in the spectra from the cuvette containing the stir 

bar was poor. After removing the stir bar from the cuvette, quality of the PL 

spectrum was improved (Figure 3-15, a vs. c). The enhancement of the stirred and 

non-stirred wire samples was about the same within the error of the 

photoluminescence measurement (Figure 3-15, c).  
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Figure 3-15.  The PL evolution of CdSe quantum wire samples (~8 nm) irradiated 

under fluorescent lamps. (a) stirred to keep wires suspended,  (b) without stirring, 

(c) comparison of the spectra after 5 days. 

 

c) 

b) 

a) 
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             This result shows that the intensity of the fluorescent light in the fume 

hood was sufficient to enhance all the quantum wires in the cuvette. Presumably, 

the slow part of the PL-enhancement process is a surface reconstruction and/or 

surface-ligand rearrangement which is much slower than the light-absorption 

process. 

Reversibility of the photo-induce PL enhancement. 

            The PL efficiencies of some organically capped CdSe quantum dots was 

found to decline significantly upon storage in the dark. Photo-induced recovery of 

the photoluminescence has been observed in these dots.
5
 The dark state, attributed 

to a surface transformation, was stable for months or until the luminescence was 

recovered by above-band-gap illumination. The dynamics of the PL recovery 

were found to follow stretched-exponential kinetics. A similar quasi-reversible 

photo-enhancement effect in colloidal CdSe and CdSe/ZnS core/shell quantum 

dots attached to variety of surfactant molecules has also been reported.
7
 

            The CdSe quantum wires stored in solid form (in solidified TOPO by 

cooling the synthesis mixture) are very stable. The properties of the nanowires 

purified from the solid TOPO are as good as the as-prepared CdSe nanowire 

samples for several months. The purified CdSe quantum wires capped with 

organic surfactants (TOPO, TOP, OA, and HDA) in toluene solution retain good 

morphologies and optical properties for several weeks. We observed similar 

reversible photo-lightening behavior for our CdSe quantum wires as for the 

quantum dots discussed above when they were alternatively illuminated under 

fluorescent lights and kept in the dark (Figure 3-16). 
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Figure 3-16.  The relative PL emission intensities for a CdSe quantum-wire 

sample (~8 nm) in chloroform illuminated with fluorescent lamps during four 

illumination periods. The normalization procedure is described in the 

experimental section. 

 

           Typical results from the illumination experiments shown in Figure 3-16 

reveal a partially reversible photo-activated photoluminescence enhancement 

effect. After an initially large PL intensity increase during the first illumination 

period, the sample was kept in the dark for 2 days, whereupon the PL was 

observed to partially decay. Subsequent illumination periods (Figure 3-16) 

resulted in the further PL enhancement of the excition PL intensity followed by 

repeated diminution in darkness. Chloroform was chosen as the solvent for this 

experiment because the CdSe quantum wires prepared with DOPA and TDPA 

have the best dispersibility and stability in chloroform. 
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             The darkening process was not observed when the sample was in the dark 

for only 1 - 2 hrs. This indicated that the process responsible for the darkening 

was very slow (usually taking 2 days to achieve). The PL intensities of the CdSe 

quantum wires immediately after darkening were higher than the original as-

prepared sample. Therefore, some irreversible changes to the CdSe quantum wire 

surface had likely occurred during the illumination. Neither an energy shift of the 

PL peak nor diameter changes in the CdSe quantum wires were observed during 

this dark-recovery experiment.  

    

The effect of additional TDPA into the synthesis 

            In the previous studies of CdSe-nanocrystal growth, alkylphosphonic acids 

(such as hexylphosphonic acid (HPA)) acted as surfactants that selectively 

adsorbed to the (001) and (110) faces, shutting down the growth on these faces.
26

 

This effect speeds up the 1-D growth of the CdSe nanocrystals; therefore, the 

CdSe system with additional HPA favors the growth of elongated nanostructures, 

for instance, CdSe nanorods and arrows.
26

 Because TDPA (n-

tetradecylphosphonic acid) and HPA have an identical functional group and differ 

only by the carbon-chain length, TDPA could be assumed to have the same effect 

for stabilizing specific facets of wurtzite CdSe nanowires to bind to the dangling 

bonds on the quantum-wire surface, therefore reduce the surface trap and improve 

the emission efficiency. 
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Figure 3-17. Photoluminescence spectra of an as-prepared CdSe quantum wire 

sample (~8 nm) with added TDPA (5 mg, red curve) and without TDPA (black 

curve). All the other synthetic conditions were the same. DOPA is present in both 

syntheses. 

 

             Figure 3-17 shows representative PL spectra from well-controlled parallel 

syntheses of CdSe quantum-wire samples with added TDPA and without TDPA. 

The sample with 5 mg TDPA in the reaction system showed a significant 

improvement in the emission efficiency.  

             The amount of TDPA was varied from 5 mg to 20 mg, but the PL 

improvement was not significantly affected. Because a large quantity of 

phosphonic acid added into the reaction system adversely affected the solubility 

of the CdSe quantum wires, I usually used the least amount (5 mg) of TDPA to 

improve the photoluminescence efficiency, and retain the solubility of the CdSe 

nanowires. 
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               The CdSe quantum wires made with different additives show varying 

degrees of PL enhancement upon illumination. The temporal evolutions of the 

relative PL intensity of these nanowires are shown in Figure 3-18. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-18.  Comparison of the photoluminescence enhancement rate of CdSe 

nanowires synthesized with and without DOPA and TDPA. Black squares (■) are 

the CdSe nanowires synthesized without DOPA and TDPA. Red circles (●) are 

CdSe nanowires synthesized with additional DOPA. Green triangles (▲) are 

CdSe nanowires synthesized with additional DOPA and TDPA. The 

normalization procedure is described in the experimental section. 

 

                All of these CdSe quantum-wire samples were made from Cd(OA)2 as 

the cadmium precursor. All three samples underwent photo-induced PL 

enhancement when illuminated under fluorescent lamps. The as-prepared CdSe 
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quantum wires without TDPA usually have an initially poor quantum yield 

around 0.2 %. With TDPA in the reaction system, the quantum yield of the as-

prepared CdSe nanowires can initially rise to around 2.0 %.  The CdSe quantum 

wires prepared with DOPA (Chapter 2) and TDPA have improved PL intensity 

after irradiation for several days. These nanowires usually are straighter and have 

fewer stacking faults and other defects. Presumably they also have better surface-

ligand coverage. Photobrightening of these nanowires can achieve much better 

results compared to the previously synthesized nanowires without DOPA and 

TDPA. 

 

Additions to the PL enhancement solvent 

            In both single quantum-dot
27

 and quantum-wire
28

 studies under a 

fluorescence microscope, some additional reagents can improve the emission 

efficiency of the species, such as BME (β-mercaptoethanol),
27

 water, and oxygen.    

            However, for the ensemble CdSe quantum-wire colloids on which I 

focused, these reagents were difficult to use. Because the CdSe quantum wires are 

capped with organic ligands and are dispersed in hydrophobic toluene, 

hydrophilic reagents have failed to enhance the PL of the nanowires. Even a small 

amount of BME or water caused the irreversible precipitation of CdSe quantum 

wires from the toluene solution. Bubbling wet air through the CdSe nanowire 

solution also caused irreversible precipitation in a short time (20 – 30 min).  

             After synthesis and purification of CdSe nanowires, additional TOP, 

oleylamine, DOPA and oleic acid were added into the ensemble CdSe quantum-
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wire toluene dispersion to explore the effects of these reagents on the photo-

induced PL enhancement. All of these additions were in very small amount, 

otherwise, the CdSe nanowires were dissolved in a few days, or underwent 

irreversible precipitation.  For instance, TOP, olyelamine and oleic acid were 

added in ~1 mg to 8 ml toluene solution; DOPA is ~ 2 mg in 8 ml toluene solution. 

 

 

              

 

 

 

 

 

 

 

Figure 3-19. Normalized PL intensity profiles of the photo-induced PL 

enhancement of ensembles of CdSe quantum wires (~8 nm) with additional TOP, 

oleylamine, DOPA, and oleic acid in the toluene solution. The normalization 

procedure is described in the experimental section. 

 

           

         From Figure 3-19, most of these additions have no beneficial effect on the 

photo-induced PL enhancement of CdSe quantum wires except that TOP gave a 

slightly higher initial PL intensity (red curve of Figure 3-19). 
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            Adding a small amount of TDPA (2 mg into 8 ml solvent, 0.9 mmol/L) 

into the CdSe quantum wire solution has a significant change to the enhancement 

rate of this photo-induced process, as shown in Figure 3-20.   

 

 

 

 

 

 

 

 

 

Figure 3-20. Normalized PL intensity profiles of CdSe quantum wire colloids in 

toluene and chloroform, with and without additional TDPA. The normalization 

procedure is described in the experimental section. 

         

           From the profiles, we can see that adding a small amount of TDPA has no 

initial effect on the PL intensity of the CdSe quantum wire colloid. However, after 

1 - 2 days, the PL intensity of the CdSe nanowires was significantly higher than in 

the sample without TDPA. After ~10 days, the PL enhancement was about the 

same as the sample without TDPA. Both the samples reach a similar quantum 

yield after a period of time (~14 days). TDPA acts as a reagent to speed up the 

photo-induced PL enhancement rate of the ensemble CdSe quantum wire colloid. 

Unfortunately, there is no sufficient analytical method to investigate what is 
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happening to the surface ligands on the CdSe quantum wire with additional TDPA. 

I suspect TDPA may displace other surface ligands to enhance the surface re-

arrangement rate, resulting in higher emission efficiency. 

 

Mechanism of the photo-induced PL enhancement. 

             Several possible models could explain the photo-induced 

photoluminescence enhancement of CdSe quantum wires: (1) the dark wires in 

the ensemble may be induced to start fluorescing; (2) the blinking effect
28

 may in 

some way be inhibited to reduce the amount of the “off” time in the flourescence; 

or (3) the illumination could cause some chemical change in the luminescent 

CdSe quantum wires (such as surface-atom reconstruction or surface-ligand 

rearrangement) that results in higher fluorescence efficiency.  

           The mechanism of photo-induced PL enhancement of CdSe quantum wires 

is different from the mechanism of the photoenhancement of CdSe quantum dots. 

First, the photo-enhancement of CdSe quantum dots can be observed in almost all 

the CdSe dots system made from various precursors. 
2, 4-10, 12, 13

 But I only 

observed photo-induced enhancement from CdSe quantum wires made from 

Cd(OA)2, not the wires made from Cd(stearate)2. Second, a blue shift of the 

excitonic PL peak and diameter shrinking were observed during the PL 

enhancement in most of the CdSe quantum dot studies. But for our CdSe quantum 

wire system no obvious peak shifting or diameter change occurred during the PL 

enhancement. Third, the loss of PL intensity of the CdSe quantum wires in the 

dark was much slower than in the dots, and some irreversible changes occurred 
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during the photo-enhancement experiment, in contrast to the photon-assisted trap-

filling mechanism proposed for the single CdSe quantum-wire study.
28

 On the 

basis of these results, a photo-induced chemistry change on the surface of the 

CdSe quantum wires is most likely the mechanism of the photo-induced PL 

enhancement. I propose that the surface atoms of CdSe quantum wires are 

reconstructed under light illumination, and that surface traps are reduced, such 

that higher photoluminescence is achieved. Additionally, the unsaturated OA 

chain and the other surfactants on the CdSe quantum wires may undergo a photo-

assisted rearrangement process while illuminated. The rearranged ligands may 

also reduce the surface traps on the CdSe quantum wires, therefore improving the 

quantum efficiency of the quantum-wire luminescence. 

 

Conclusion. 

               The as-prepared CdSe quantum wires dispersed in organic solvents 

undergo a photo-induced photoluminescence enhancement when illuminated 

under fluorescent lighting. The proposed mechanism of the phenomenon is photo-

induced surface reconstruction and surface-ligand re-arrangement. After 

irradiation for up to 14 days, the quantum yield of the CdSe quantum wires is 

enhanced from 0.2 % to ~10 %. We investigated the enhancement procedure with 

different light power, various additives, and compared the samples with or 

without stirring during the illumination period. I also observed a partially 

reversible photobrightening phenomenon, which is similar to the quantum-dot 

system.  
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Experimental Section 

         Chemicals.   Cadmium stearate (90%), Cadmium oxide (CdO, 99%), Oleic 

acid (OA, 90%), tri-n-octylphosphine oxide (TOPO, 99%), trioctylphosphine 

(TOP, 97%) , selenium powder (Se, 100 mesh 99%), poly(1-hexadecene)0.67-co-

(1-vinylpyrrolidinone)0.33, Na[N(SiMe3)2] (1.0M solution in THF) were obtained 

from Aldrich and used as received. Tetradecylphosphonic acid (TDPA, ~90%) 

was purchased from Polycarbon Industries Inc. and used as received. Toluene, 

hexane, and chloroform (analytical grade) were all purchased from Aldrich and 

used as received. 1,3-diisopropylbenzene (DIPB, from Aldrich) was shaken with 

concentrated sulfuric acid to remove thiophene, washed with water, and distilled 

over Na.  

        Preparation of TOP=Se.  A neat mixture of 4 g of elemental Se powder 

(0.051 mol) and 22 g TOP (0.059 mol) was loaded into a 100 ml storage bottle 

under dry, O2-free N2(g). The Se powder rapidly dissolved into the liquid mixture 

as heat was evolved. A second portion of 1 g of Se (0.013 mol) was added into the 

mixture to ensure the conversion of TOP to TOP=Se. The liquid fraction of the 

mixture was subsequently used.  

        Preparation of TBP=Se.  A neat mixture of 4 g of elemental Se powder 

(0.051 mol) and 12 g of TBP (0.059 mol) was loaded into a 100 ml storage bottle 

under dry, O2-free N2(g). The Se powder rapidly dissolved into the liquid mixture 

as heat was evolved. A second potion of 1 g of Se (0.013 mol) was added into the 

mixture to ensure that all of the TBP had been converted to TBP=Se. The liquid 

fraction of the mixture was subsequently used.  
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        Preparation of Bi-nanoparticle stock solutions.  Monodispersed Bi 

nanoparticles were grown in DIPB solutions of poly(1-hexadecen) 0.67-co-(1-

vinylpyrrolidinone) 0.33 and Na[N(SiMe3)2] at elevated temperatures (170-210 
o
C), 

following the procedure previously reported.
29

 The diameter of Bi nanoparticles 

were tuned from 5 to 18 nm (std. deviation = 5-10% of the mean diameter) by 

varying reaction conditions, and the effective concentration of the dispersions was 

0.04 mmol of Bi/g DIPB. 

         Bi-catalyzed growth of CdSe nanowires.  In a typical synthesis of CdSe 

nanowires, 6 mg of CdO (0.047 mmol), 53 mg of oleic acid (0.19 mmol), 50 mg 

of hexadecylamine (0.21 mmol), and 5 g of trioctylphosphine oxide (13 mmol) 

were loaded into a 50 ml reaction tube, which was degassed on a Schlenk line and 

backfilled with N2. The reaction mixture was heated at 320 
o
C in a salt bath 

(NaNO3: KNO3 ~ 1:1) until a clear solution was generated (~ 10 min). Then, the 

reaction tube was transferred to a 250 
o
C salt bath for wire growth. At this 

temperature, a mixed solution of 500 mg of TOP=Se (1.1 mmol), 100 mg of TOP 

(0.27 mmol) and 23 mg of Bi solution (0.00092 mmol) was rapidly injected into 

reaction tube.. After 5 min reaction, the reaction mixture was allowed to cool to 

room temperature.  

           1 ml aliquot of the reaction mixture was dissolved into 2 ml of toluene, the 

wires were precipitated with 6 ml of methanol and the sample was centrifuged 

and the supernatant was decanted. The precipitates were re-dispersed in 2 ml of 

toluene, precipitated with 6 ml of methanol, followed by centrifugation and 
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decanting the supernatant again. Then, the precipitates were re-dissolved in 

toluene for optical measurements.   

          The diameter of CdSe nanowires grown by this approach were varied by 

changing the reaction temperature from 240-280 
o
C and by choosing different-

sized Bi nanoparticles as the catalyst seeds. 

          Photo-enhancement of CdSe quantum wires. Purified CdSe quantum 

wires were dispersed in a desired solvent (toluene, chloroform, or hexane) and 

placed in a quartz cuvette. To minimize the contact with atmosphere and water, 

the cuvette was sealed with a teflon cap and wrapped with parafilm. For 

irradiation under fluorescent lamps, the sample was placed on the bench in a fume 

hood, away from any heat source. For irradiation under a UV lamp (300-W xenon 

lamp, equipped with a short-pass filter having a cutoff wavelength of 700 nm), the 

sample was placed in a special lamp box with a cooling system. For measurement 

of the PL spectrum, the cuvette was removed from the fume hood or lamp box 

and placed in the fluorometer. Then the cuvette was returned for further 

illumination. The collection of each spectrum required ~ 15 min. The light power 

density of the fluorometer at 488nm with 5nm excitation slit is 2.5 µW/cm
2
, 

which is much lower than the light power of the photo-induced PL enhancement 

experiment. 

Determination of the suitable concentration range for PL quantum-yield 

measurement. 

            First, we need to determine the concentration range of our standard free-

base TPP. To make sure our ensemble CdSe nanowire PL result was consistent 
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with the single-wire study, we chose 488 nm as the excitation wavelength. Since 

the PL quantum yield of freebase TPP is very high, the absorbance at 488 nm is 

very low. I measured 5 different concentrations of freebase, and took the PL 

spectra at these different concentrations. The results are shown in Figure 3-21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-21. The absorption (a) and photoluminescence (b) spectra of freebase 

TPP at 5 concentrations. The excitation wavelength is 488 nm. 
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            The PL intensity of the freebase increases when the absorbance increases 

at the excitation wavelength of 488 nm. We calculated the integrations of the PL 

spectra at different concentrations and plotted them against the absorbance. The 

table and the plot are shown in Figure 3-22. We found that the integrated PL vs. 

absorbance is a linear relationship. This result indicated that at this concentration 

range, freebase TPP shows a linear PL quantum yield increment while increasing 

the absorbance at excitation wavelength. Thus, this concentration range (from 

0.00726 to 0.0453 A) is suitable for PL quantum yield measurement.  

 

 

 

 

 

 

 

Figure 3-22.  The integration of the PL spectra and the plot of integrated PL vs. 

absorbance for freebase TPP. 

 

              To investigate the suitable concentration range for our CdSe quantum-

wire solution, the same experiment was conducted. I varied the absorbance of the 

CdSe quantum wires in toluene at 488 nm over 4 different values, then measured 

the PL spectrum at each concentration. The results are shown in Figure 3-23. 

 

 

Absorbance Integration 

0.00726 A 443.11611 

0.01459 A 743.33233 

0.02197 A 1201.67459 

0.03171 A 1776.34225 

0.0453 A 2457.57072 
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Figure 3-23. The absorption (a) and photoluminescence (b) spectra of CdSe 

nanowires (~8 nm) at 4 different concentrations. The excitation wavelength is 488 

nm. 
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             Similar results were obtained for the CdSe quantum wire samples as for 

freebase TPP. Calculations and the plot of the integrated PL vs. absorbance are 

shown in Figure 3-24. The linear relationship between intergrated PL and 

absorbance showed that this concentration range (from 0.056 to 0.194 A) is 

appropriate for PL quantum-yield measurements. 

 

 

 

 

 

 

 

 

Figure 3-24.  The integration of the PL spectra and the plot of integrated PL vs. 

absorbance for CdSe quantum-wire samples (~8 nm). 

 

 

9ormalization of the PL spectra.  An absorption spectrum was recorded prior to 

each photoluminescence spectrum. A normalization factor was determined for 

each absorption spectrum to adjust the absorbance at 488 nm to a common value. 

This normalization factor was subsequently applied to scale the PL intensities in 

the corresponding PL spectrum. 

 

Absorbance Integration 

0.194 A 3685.48 

0.134 A 2486.99 

0.089 A 1770.89 

0.056 A 1054.80 
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Characterization.  Samples for TEM analysis were prepared by dropping a dilute 

toluene solution of nanowires onto the 300-mesh carbon-coated copper grids. 

TEM images were recorded using a JEOL 2000 FX microscope operating at 200 

kV. The diameter distribution for each sample was determined using several TEM 

images at 500K magnification to ensure accurate measurement. The wire 

diameters were measured and recorded using Image-Pro Express software 

(version 4.5), and the distribution histograms were constructed from 400-500 

diameter measurements for each specimen. Simulations, peak fits and integration 

calculations were all done via Origin (version 7). UV-visible absorption spectra 

were recorded on a Varian Cary 100E spectrophotometer at room temperature. 

The nanowire solution was prepared by diluting the purified nanowire sample 

with toluene in a 1-cm path-length quartz cuvette, and the baseline correction was 

performed prior to each measurement. Photoluminescence (PL) spectra were 

obtained from a Varian Cary Eclipse fluorescence spectro-photometer at room 

temperature. 
31

P NMR spectra of CdSe quantum-wire samples were acquired on a 

Varian Mercury-300 spectrometer with CDCl3 or d6-acetone as the solvent.  

MALDI-MS analysis of CdSe nanowires were performed on an ABI 4700 

MALDI TOF-TOF on a DHB (2, 5-Dihydroxy benzoic acid) substrate.  
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Chapter 4 

Syntheses of CdSe/CdS core/shell nanowires and water-

dispersible CdSe nanowires 
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Introduction 

             Semiconductor nanocrystals are of great scientific interest because their 

intrinsic optical and electrical properties make them amenable for uses in 

photovoltaics,1 electronics,2 and sensors.3 However, the surface of a nanocrystal is 

made up of atoms that are not fully coordinated; it is highly active and invites the 

possibility of epitaxial overgrowth of another semiconductor or other inorganic 

material. Because surface atoms act like defects unless passivated, to remove 

these defects, high-quality homogeneous II - VI and III – V nanocrystals have 

been passivated with long-chain organic surfactants.4, 5 These “capped” 

nanocrystals have room-temperature photoluminescence quantum yields as high 

as 50% with a very long fluorescence lifetime. These core-only nanocrystals often 

have some non-band-edge luminescence.4, 5 It is generally very difficult to 

simultaneously passivate both anionic and cationic surface sites by organic 

ligands; there are always some dangling bonds on the surface. 5, 6 

                Nanocomposite materials provide the possibility for enhanced 

functionality and multifunctional properties in contrast with their more-limited 

single-component conterparts. One example of a nanocomposite material is the 

inorganic core-shell structure. In the case where semiconductors comprise the 

core and shell, the core-shell motif has permitted enhanced photoluminescence,5-7 

improved stability against photochemical oxidation,8 enhanced processibility,9 

and engineered band structures.10 Among those core-shell semiconductor 

nanocrystals, core-shell CdSe structures have been well studied.5-7,12 The most 

studied core/shell structure to date is CdSe/ZnS, as evidenced by the number of 
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publications dealing with this system. Its synthesis was first described by Hines 

and Guyot-Sionnest, who overcoated 3-nm CdSe nanocrystals with 1~2 

monolayers of ZnS, resulting in a quantum yield of 50%.5 ZnS shell growth has 

been achieved by the injection of a mixture of the organometallic precursors 

diethylzinc and hexamethyldisilathiane, also known as bis(trimethylsilyl)sulfide, 

S(TMS)2, at high temperature (300 oC). Using shell-growth temperatures of 140-

220 oC, a size series of CdSe/ZnS nanocrystals and their in-depth characterization 

were reported by Bawendi’s group.6, 11, 12 

              Core/shell nanocrystals are nanometer-sized inorganic clusters of 

semiconductor material useful for fluorescent labeling in multicolor biological 

imaging and detection.13 These colloidal nanocrystals consist of an inorganic 

particle and an organic coating that determines their solubility and functionality 

and influences their photophysics.14 For these nanocrystals to be biocompatible, 

they must be water-soluble, non-toxic to the cell, and offer conjugation 

chemistries for attaching recognition molecules to their surfaces.14 In addition, 

they should efficiently target to biomolecules of interest, be chemically stable, 

and preserve their high photostability.  

             In this chapter, I will discuss techniques for growing inorganic shells on 

CdSe quantum wires to improve the photoluminescence quantum efficiency and 

stability; and for growing various organic shells onto CdSe quantum wires to 

make them water dispersible, which is potentially useful for bio-applications of 

these 1-D quantum structures. 
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Type I Type II Type II Reverse Type I 

Results and Discussion 

Classifications of Core/shell systems. 

           Depending on the bandgaps and the relative positions of electronic energy 

levels of the involved semiconductors, the shell can have different functions in the 

core/shell systems. Figure 4-1 shows the band alignment of the three distinct 

cases of core/shell systems.15  

 

 

 

 

 

        Figure 4-1. Schematic illustration of the energy-level alignment in different 

core/shell systems realized with semiconductors to date. The upper and lower 

edges of the rectangles correspond to the positions of the conduction- and 

valence-band edge of the core (center) and shell (outer) materials, respectively. 

 

              In a type-I system, the bandgap of the shell material is larger than that of 

the core and both electrons and holes are confined in the core. In a type-II system, 

either the valence-band or the conduction-band edge of the shell material is 

located in the bandgap of the core. In the reverse type-I system, the bandgap of 

the shell material is smaller than that of the core, depending of the thickness of the 

shell, the holes and electrons are partially or completely confined in the shell. 

Upon excitation of the semiconductor nanocrystals, the resulting staggered band 
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alignment leads to a spatial separation of the hole and the electron in different 

regions of the core/shell structure. 

             To improve the optical properties of semiconductor nanocrystals, the 

type- I core/shell structure is the most useful and important.11, 12 The shell is used 

to physically separate the surface of the optically active core from its surrounding 

medium. Consequently, the sensitivity of the optical properties to changes in the 

local environment of the nano-structure surface, induced, for example, by the 

presence of oxygen or water molecules, is reduced. With respect to core-only 

nanocrystals, core/shell systems exhibit generally enhanced stability against 

photodegradation. At the same time, shell growth reduces the number of surface 

dangling bonds, which can act as trap states for charge carriers and thereby reduce 

the photoluminescence quantum yield. 

 
 
 
 
Choice of the shell materials. 
 
             A general requirement for the shell materials for synthesizing core/shell 

nanostructures with satisfactory optical properties is epitaxial-type shell growth. 

Therefore an appropriate band alignment is not the sole criterion for the choice of 

materials but rather the core and shell materials should crystallize in the same 

structure and exhibit a small lattice mismatch.15 In the opposite case, the growth 

of the shell results in strain and the formation of defect states at the core/shell 

interface or within the shell.15 These can act as trap sites for photo-generated 
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charge carriers and diminish the photoluminescence quantum yield. Table 4-1 

lists the material parameters of selected seminconductors. 

 

Table 4-1 . Material parameters of selected bulk semiconductors.15, 16  
 

 

Material Structure [300K] Type Egap [eV] Lattice parameter [Å] 
Band alignment 
VB/CB (eV) 

 
ZnS Wurtzite II-VI 3.91 3.82/6.26 0/3.91 
ZnSe Zinc blende II-VI 2.69 5.668 0.53/3.75 
ZnTe Zinc blende II-VI 2.39 6.104 1.26/3.65 
CdS Wurtzite II-VI 2.49 4.136/6.714 0.18/2.67 
CdSe Zinc blende II-VI 1.76 5.82 0.60/2.36 
CdSe Wurtzite II-VI 1.84 4.3/7.01 0.60/2.44 
CdTe Zinc blende II-VI 1.43 6.482 1.17/2.60 
GaN Wurtzite III-V 3.44 3.188/5.185 -0.72/2.72 
GaP Zinc-blende III-V 2.27 5.45 0.99/3.26 
GaAs Zinc blende III-V 1.42 5.653 1.46/2.88 
GaSb Zinc blende III-V 0.75 6.096 2.03/2.78 
InN Wurtzite III-V 0.8 3.545/5.703 -0.46/0.34 
InP Zinc blende III-V 1.35 5.869 1.10/2.45 
InAs Zinc blende III-V 0.35 6.058 1.52/1.87 
InSb Zinc blende III-V 0.23 6.479 2.02/2.25 

 
 

             

         The table shows that wurtzite CdS and ZnS can be suitable shell materials 

for wurtzite CdSe core nanowires because of their larger band gap, similar lattice 

constants, and suitable band offsets for forming type-I core-shell structures to 

improve the PL quantum efficiency of the quantum wires. The lattice parameters 

and band alignments for wurtzite CdSe, CdS and ZnS are highlighted in Table 4-1. 
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Precursors for shell growth. 

           Appropriate precursors for shell growth should fulfill the criteria of high 

reactivity and selectivity (no side reactions). For practical reasons and in 

particular if the scale-up of the production process is sought, additional properties 

of the precursors come into play. Pyrophoric and highly toxic compounds require 

special precautions for manipulation, especially in large quantities. An example is 

the synthesis of cadmium sulfide, one of the most important shell materials used 

for overcoating numerous II-VI and III-V semiconductor nanocrystals.17-19 

Initially, this synthesis was done with diethylcadmium (pyrophoric) and 

hexamethyldisilathiane (toxic). Even though widely used in laboratory-scale 

syntheses, these compounds are not suitable for large-scale production of CdS 

overcoated nanocrystals. Therefore, a number of alternative precursors were 

proposed, that are non-pyrophoric and less toxic.20, 21  

            In our shell-growth experiment, cadmium carboxylates and elemental 

sulfur were used for growing CdS shells; zinc carboxylates and elemental sulfur 

were used for growing ZnS shells. 

 

 

 

Control of the shell thickness.  

          The control of the shell thickness is a delicate point in the fabrication of 

core-shell nanocrystals. If the shell is too thin, the passivation of the core 

nanocrystals is inefficient, resulting in reduced photostability or even the 
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production of more surface traps, therefore decreasing the photoluminescence 

quantum efficiency. In the opposite case, if the shell is too thick, the optical 

property of the nanocrystal generally deteriorates too as a consequence of strain 

induced by the lattice mismatch of the different core and shell materials, 

accompanied by the generation of the defect states.22, 23  

           Core/shell systems are typically fabricated in a two-step procedure: initial 

synthesis of the core materials, followed by a purification step, which is optional, 

and the subsequent shell-growth reaction. During this final step, a small number 

of monolayers (typically 1 ~ 5) of the shell materials are deposited on the cores.17 

In order to prevent nucleation of the shell materials and uncontrolled ripening of 

the core nanocrystals, the temperature of shell growth is usually lower than the 

temperature of the synthesis of the core structure.17 Furthermore the shell 

precursor is added slowly, for example, dropwise injection by means of a syringe. 

Slow injection of the shell precursor can help the well-distributed growth of the 

shell materials so that better coverage and controlled thickness of the shell can be 

achieved.17 

             To calculate the required amount of the shell precursors to obtain the 

desired shell thickness, it is necessary to know the amount of the core materials in 

the reaction system. Since the Se precursor is in large excess in our CdSe 

quantum-wire synthesis, assuming all Cd precursors were converted to the CdSe 

nanowires (no other morphologies were observed in the TEM images of our CdSe 

quantum-wire synthesis), the mole amount of the Cd precursor can be roughly 

calculated to be equal to the moles of the CdSe nanowires formed. The following 
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calculation procedure shows an example of the amount required to grow a 3-

monolayer CdS shell onto 7-nm CdSe nanowires (the core nanowire diameter is 

obtained from TEM images), where d is the diameter of the nanowire, R is the 

radius of the nanowire, D is the thickness of the shell, and NA is Avogadro’s 

number.  

               For a d = 7 nm (R = 3.5 nm) CdSe nanowire core to grow a 3-monolayer 

CdS (D = 3*0.35 nm = 1.05 nm) shell:  

Lattice parameter of wurtzite CdSe:  a = 4.30 Å    c = 7.02 Å 

Volume of a single CdSe atom pair: V0
CdSe = √3 /4a2c = 56.2 Å3 

Lattice parameter of wurtzite CdS:    a = 4.136 Å   c=6.714 Å 

Volume of a single CdS atom pair:   V0
CdS = √3 /4a2c = 49.7 Å3 

 

Imagine CdSe nanowires with a cylindrical geometry, 

Total atom pairs in the CdSe core nanowires (0.047 mmol, based on the 

assumption of the complete reaction of Cd and Se precursor):  

0.047E-3 mol CdSe * NA =2.83 E19 

Total volume in the CdSe core nanowires ~ 

2.83 E19 * 56.2 Å3 =1.59 E21 Å3 = 1.59 E18 nm3 

Total length of CdSe nanowires (d = 7 nm):  

L = 1.59 E18 nm3 / πR2 = 4.13 E16 nm 

 

Total volume of 3 monolayers of CdS growing onto 7 nm CdSe nanowires: 

VCdS = 2 πR* L * D= 9.36 E17 nm3 
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Mol of CdS = VCdS / NA/ Vo
CdS = 0.0319 mmol 

Both the Cd and S Stock solutions are 0.04 M. The amount of the stock solution 

needed for shell growth: 

0.00319 mmol/0.04 M = 0.80 ml of each Cd and S stock solution. 

 

 

Characterization of core/shell nanowires. 

             Most of the basic characterization techniques for core nanowires are also 

applied to investigate core/shell nanowires, such as UV/vis spectroscopy, PL 

spectroscopy, powder X-ray diffraction and transmission electron microscopy 

(TEM). In the case of core/shell systems, however, several experimental 

difficulties may arise in proving successful shell growth. Optical properties, 

generally extremely sensitive to nanowire surface modification, can only give 

indirect information about the possible overcoating with a shell. The increase of 

the nanowire diameter revealed by TEM or high-resolution TEM is considered to 

be the most direct proof of successful shell growth. Nevertheless, an accurate 

determination of the size difference before and after addition of the shell can be 

severely limited or even impossible by TEM depending on the materials used, the 

size and size distribution of the core nanowires, and the shell thickness. Advanced 

microscopy techniques including scanning transmission election microscopy 

(STEM) coupled with electron energy loss spectroscopy (EELS) or with energy-

dispersive X-ray spectroscopy (EDX) can give valuable insight into the obtained 

core/shell structures.24 
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Epitaxial growth of CdSe/CdS core/shell nanowires. 

            Two methods were tested for preparing the CdSe core nanowires for CdS 

shell growth. In the first method, the core CdSe nanowires were first purified by 

precipitation/decantation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2.  Schematic synthesis of CdSe/CdS core/shell nanowires. The CdSe 

core nanowires were purified before growing the CdS shell followed by refluxing 

in pyridine overnight. 

 

           For this process, pyridine was chosen as a reflux solvent on the basis of 

prior CdSe/CdS quantum-dot studies.7, 25  After refluxing CdSe quantum dots in 

pyridine overnight, TOPO was almost completely removed from the CdSe 
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quantum dots without affecting their structure. Pyridine displaces TOPO and 

forms a weak bond to surface atoms of the CdSe quantum dots. Furthermore, 

NMR studies in the quantum-dot system revealed that pyridine forms a labile 

bond to the surface Cd atoms of CdSe nanocrystals.26 Therefore, nanowires 

refluxed in pyridine should be dynamically capped, providing simultaneous 

chemical stability and access to the surface. This reaction, schematically shown in 

Figure 4-2, was conducted at 100 oC. 

           The Cd/S precursor molar ratio for shell growth in this process was also 

very important. Because our core CdSe quantum wires were synthesized under 

Se-rich conditions, the surface of the CdSe quantum wires was Se rich. For trials 

using S:Cd > 1.5:1 for shell growth, the formation of CdS-only nanocrystals 

(having a high-energy exciton peak in the absorption spectrum) was observed.  

When the Cd:S precursor ration was more than 1:1, the formation of the CdS-only 

nanocrystals was prevented at the 100 oC reaction temperature; only shell growth 

occurred. By checking the absorption spectra of aliquots, it was found that Cd/S 

precursors participated only in shell growth. No CdS-only features were observed. 

            Plots of the absorption spectra for well-controlled CdSe/CdS core/shell 

nanowire synthesis via this approach are given in Figure 4-3. From the spectra, 

the original purified CdSe core nanowires have a first excitonic peak around 680 

nm, which is shown as the black curve. But after refluxing the nanowires in 

pyridine overnight, the first excitonic feature shifted to around 660 nm. This blue 

shift indicated a decrease in the diameter of the CdSe nanowires during the 

refluxing process. At the same time as pyridine replaced the TOPO/TOP as the 
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surfactant of the CdSe core nanowires, some of the surface Cd and Se atoms were 

apparently also removed. The loss of the surface atoms caused the reduction in the 

diameter of the CdSe quantum wires and the blue-shift of the absorption spectrum. 

The green curve shows the absorption spectrum of the CdSe/CdS core/shell 

nanowires, which exhibited a first excitonic feature around 660 nm. This is 

similar to the core nanowires after refluxing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3. Absorption spectra of the core CdSe nanowires (black curve), 

refluxed, pyridine-capped CdSe core nanowires (red curve), and core/shell 

CdSe/CdS nanowires (green curve). 

 

           The TEM images of the CdSe core and the CdSe/CdS core/shell structures 

are shown in Figure 4-4. Although the TEM images did not directly confirm the 
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shell growth, a large population of CdS nanocrystals was absent. The quality of 

the core/shell nanowires was reduced compared to the CdSe core wires, 

presumably due to the reflux procedure in pyridine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4. TEM images of CdSe core nanowires (a, b) and CdSe/CdS core/shell 

nanowires. 

 

           The photoluminescence spectra of the ensemble CdSe core-only nanowires 

and CdSe/CdS core/shell nanowires are shown in Figure 4-5. There was a 

significant enhancement of the photoluminescence efficiency for the CdSe/CdS 

core/shell nanowires compared to the core-only nanowires, indicating the 

a b 

c d 
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successful formation of a type-I core/shell nanostructure. Both electrons and holes 

were more efficiently confined in the CdSe core; therefore an improved quantum 

yield was achieved. The blue shift was calculated from the guidelines in the plot 

to be ~ 20 nm, which is consistent with the blue shift in the absorption spectra of 

the two samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5. Photoluminescence spectra of CdSe core nanowires and CdSe/CdS 

core/shell nanowires made from pyridine-reflux preparation method. 

 

 

            The diameter of the core CdSe nanowires was 8.48 nm (± 11.1%), and the 

diameter of the CdSe/CdS core/shell nanowires prepared by the first method was 
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8.60 nm (± 17.5%). The histograms of the measurement of the diameter of the 

core and core/shell wires are shown in Figure 4-6. The similar diameter of the 

core CdSe nanowires and the CdSe/CdS core/shell nanowires resulted from the 

diameter shrinking during the reflux procedure and the shell growth. 

 

 

 

 

 

 

 

 

 

Figure 4-6. Histograms of the diameters of CdSe core nanowires and CdSe/CdS 

core/shell nanowires made via the pyridine-reflux method. 

 

           

        

           In the second prepration method, the CdSe nanowires were never 

precipitated out of solution; they were retained as a dispersion in toluene. The 

purification of the core nanowires was performed by an extraction method, which 

was adapted from the synthesis of the core/shell quantum dots17, 27, 28(see 

Experimental section).  
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Figure 4-7. Schematic synthesis of CdSe/CdS core/shell nanowires. The 

nanowires were purified via an extraction method and the shell growth was 

performed in ODE (octadecene) solution. 

 

          The shell growth was conducted by the so called Successive Ion Layer 

Absorption and Reaction (SILAR) which was originally developed for the 

deposition of thin films on solid substrates from solution baths.29, 30 This 

technique was successfully used in the CdSe/CdS core/shell semiconductor 

quantum-dot synthesis.17 Here I applied the SILAR concept to the growth of 

CdSe/CdS core/shell quantum wires in the non-coordinating solvent ODE (1-

octadecene). The scheme of this preparation method is shown in Figure 4-7. 

          The reaction temperature played an important role for the shell growth of 

CdS onto the CdSe quantum wires through SILAR in ODE solution. Reactions 

conducted at less than 200 oC resulted in the growth of CdS nanocrystals instead 
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of CdSe/CdS core/shell structure; this indicated that the SILAR method only 

works at high temperature. At high temperatures, the Cd precursors were largely 

consumed by epitaxial growth prior to the addition of the S precursors, while for 

S precursors, next added into the system, the only possibility was to grow onto the 

core/shell nanowire surface. Although there were still some free CdS nanocrystals 

formed during this process, they were easily removed from the samples via a 

precipitation purification procedure.  

 

            

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. TEM images of CdSe core nanowire (a, b) and CdSe/CdS core/shell 

nanowire (c,d) made via SILAR method. 

 

a b 

c d 
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           The TEM images of the core CdSe nanowires and the CdSe/CdS core/shell 

nanowires made via the SILAR method are shown in Figure 4-8. The diameter 

histograms of the core and core/shell samples are shown in Figure 4-9. Although 

an obvious difference in the diameters of the core sample and core/shell samples 

cannot be distinguished from TEM images, the diameter increment of the 

CdSe/CdS core/shell sample is evident from the statistical results. No CdS 

nanocrystals were observed in the purified CdSe/CdS sample (Figure 4-8 c and d) , 

indicating their successful removal by the precipitation/re-disperse procedure. 

 

 

 

 

 

 

 

Figure 4-9. Histograms of the diameters of CdSe core nanowires and CdSe/CdS 

core/shell nanowires made via the SILAR method.  

 

              The absorption spectra of the CdSe core sample, core sample after 

extraction, and the CdSe/CdS core/shell sample are shown in Figure 4-10. The 

excitonic features are quite similar in the three spectra. Importantly, the excitonic 

feature of the core CdSe nanowires did not show a noticeable shift after the 

extraction procedure and shell growth, which is shown in Figure 4-10 by the 

guideline. This contrasts with the results of the pyridine-reflux preparation. In the 
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second method, the CdSe core is better protected from surface-atom loss during 

the extraction procedure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10. Absorption spectra of the core CdSe nanowires (black curve), CdSe 

core after the extraction procedure (red curve), and core/shell CdSe/CdS 

nanowires (green curve). 

 

           The photoluminescence spectra of the core and core/shell samples are 

shown in Figure 4-11. The large enhancement of the emission efficiency proved 

the successful formation of the CdSe/CdS type-I core/shell nanostructure. Note 

the absence of a blue shift for the PL peak in the core and core/shell nanowires, 

which is consistent with the absorption spectra. This result further proved that the 

CdSe core nanowires were well protected by the extraction method; there was no 
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surface-atom loss upon transfer of the wires into the shell growth solvent. The PL 

quantum yield of the CdSe/CdS core/shell structure was improved to 11%, from 

the original value of 2% for the core CdSe quantum wires. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-11. Photoluminescence spectra of CdSe core nanowires and CdSe/CdS 

core/shell nanowires made via SILAR method. 

 

              Using the same SILAR reaction conditions, by changing the shell 

precursors to Zn(stearate)2 and elemental S, CdSe/ZnS core/shell nanowires were 

also obtained with improved photoluminescence efficiency. The PL quantum 

yield of CdSe/ZnS was improved to 8%, from the original 2% for the core-only 

CdSe quantum wires.  
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Destruction of mismatch-strained core/shell nanowire structure. 

            Further enhancement of the PL efficiency for the CdSe/CdS core/shell 

nanowires by illuminating the sample under fluorescent light as described in 

Chapter 3 was not successful. The PL quantum yield of the CdSe/CdS core/shell 

wires did not show noticeable change upon the illumination for the first 1 - 5 days. 

After 5 days, the PL intensity of the CdSe/CdS core/shell nanowires showed a 

slight decay. Along with the PL decay, the destruction of the core/shell nanowires 

was observed. The TEM images of the CdSe/CdS core/shell nanowires 

illuminated for 10 days are shown in Figure 4-12. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-12. Representative TEM images of CdSe/CdS core/shell nanowires 

illuminated under fluorescent light for 10 days in toluene. 

 



 162 

Rcore 
Rs Rcore/shell 

Strain force directions 

           There was no evidence for the dissolution of the core/shell nanowires. The 

destruction of the core/shell nanowires resulted from the lattice mismatch of the 

core material (CdSe) and shell material (CdS). The core/shell system tends to 

relax the mismatch strain by either developing a modulation of the surface, 

potentially leading to the creation of island or notches on the surface, or by 

forming misfit dislocations.23, 31 The CdS shell of the CdSe/CdS core/shell 

nanostructure developed irregular diameter fluctuations on the nanostructure 

surface, which was caused by the strain force from the lattice mismatch between 

wurtzite CdSe and CdS (4%, Table 4-1). The schematic illustration of this process 

is shown in Figure 4-13.  

 

 

 

 

 

 

 

 

 

 

Figure 4-13. Schematic side view of a core-shell nanowire with a perturbation of 

the radius of the surface; Rcore and Rcore/shell are the initial core and core/shell 

structure radii, and Rs is the surface radius caused by strain force, respectively. 
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           For the extreme cases, this force broke the CdSe/CdS core/shell 

nanostructures into short nanorod sections, which were also observed in the TEM 

images (Figure 4-12). The average length of the nanowires was significantly 

decreased by this process; from >1 µm to ~ 400 nm. The PL quantum yield of the 

CdSe/CdS sample after this process was decreased to ~ 5% from the 11% for the 

as-prepared core/shell structure, indicating surface-trap creation during this 

process. 

 

 

Water-dispersible CdSe quantum wires. 

            Nanostructures dispersed in water are useful for many applications. As 

examples, semiconductor quantum dots are used as fluorescent tags in biology, 

magnetic Fe2O3 nanoparticles are used as contrast agents in magnetic resonance 

imaging (MRI), and Pd nanoparticles are used as green catalysts.32-34 If CdSe 

quantum wires can be dispersed into water, the unique optical properties, suitable 

optical window, and 1-D morphology of CdSe quantum wires may have 

promising applications in biology or medical areas. For quantum dots, the easiest 

method to disperse nanoparticles in water is to prepare them directly in water 

using water-soluble surfactants or polymers.35-38 But for our CdSe quantum-wire 

system, the preparation of good quality nanowires requires high temperatures with 

a coordinating organic solvent to achieve; the direct synthesis of CdSe nanowires 

in water is not yet possible.  
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             The applications of CdSe semiconductor quantum wires require narrow 

diameter distributions to produce uniform physical and optical properties. The 

conditions to prepare these kinds of quantum wires render them insoluble in water 

and preclude their use in biological applications, without further processing. A 

variety of strategies have been developed for the hydrophilization of quantum-dot 

surfaces. One approach is the replacement of the hydrophobic ligands with more 

hydrophilic ones.39-41 In this case, a decay of the photoluminescence (PL) is 

usually observed after transfer of the functionalized nanoparticles into biological 

systems.39, 41 The reason for this observation is partial degradation of the quantum 

dots caused by reactions of the semiconductor materials with oxygen as well as 

the aqueous environment.39, 40 One possibility for a more effective protection of 

quantum dots in biological systems is coating of the particles with silica or a 

polymer shell.35, 42 Alternatively, multiple quantum dots have been embedded into 

silica colloids.43 In this way, the decrease of PL after transfer of the 

semiconductor nanoparticles into biological environments is minimized or even 

completely avoided.44-47 No water-soluble CdSe quantum wires have been 

reported to date. Both approaches taken in the quantum-dot studies could 

potentially be adapted to water-dispersible quantum-wire research. Here I report 

achieving success with the ligand-exchange strategy. 
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PEI-coated CdSe quantum wires. 

           Since PEI (hyperbranched polyethylenimine, 600 D) is insoluble in toluene, 

which is normally used for dissolving our CdSe quantum wires, another non-polar 

solvent must be chosen to perform the ligand-exchange reaction. PEI is soluble in 

many polar solvents and sufficiently soluble in chloroform and 

dichloromethane.48 Chloroform is one of the best solvents for our CdSe quantum 

wires. Quantum wires with PEI in chloroform form a very stable colloid, which 

cannot be centrifuged with a common laboratory centrifuge. The displacement of 

the original surface ligands of the CdSe quantum wires (TOPO, TOP, and HDA) 

with PEI was therefore conducted in chloroform. 

            The subsequent phase-transfer was performed in two ways. The first was 

direct extraction of the CdSe quantum wires from the chloroform solution with 

water. The second was precipitation of the PEI-derivatized quantum wires with 

toluene and subsequent redispersion in water. The direct extraction usually 

occured over several hours and the product yield was somewhat low because the 

water/chloroform boundary was not very clear and many quantum wires remained 

in the phase-boundary zone. The precipitation method was preferred; it was fast 

and efficient to separate the water-soluble CdSe quantum wires from the 

chloroform. 

          After precipitation of the PEI-coated CdSe quantum wires with toluene, the 

precipitates were dispersible in water or methanol and insoluble in chloroform or 

less polar solvents (such as toluene and hexane). This is strange because the CdSe 

quantum wires were precipitated from chloroform. This observation is similar to 
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those in the water-dispersible quantum-dot study.48 The PEI facilitates steric 

stabilization in chloroform and electrostatic stabilization in protic solvents.48 The 

electrostatic stabilization process is irreversible once the solvent has been 

deprotonated by the PEI, which is in consequence positively charged. The 

schematic mechanism is shown in Figure 4-14. 

 

 

 

Figure 4-14. Schematic illustration of the switching of amphiphilic PEI from 

fairly lipophilic to hydrophilic.48 

 

        

         Figure 4-15a shows the comparison of the absorption spectra of the CdSe 

quantum wires (diameter ~ 8 nm) before and after the ligand-exchange reaction 

with PEI. 
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Figure 4-15. The absorption spectra of CdSe quantum wires before ligand 

exchange and after ligand exchange with PEI (a).  TEM images of the CdSe 

quantum wires after dispersing in water via ligand-exchange with PEI (b and c). 

 

             The absorption spectra and TEM image show that the morphology of the 

CdSe quantum wires remained after ligand exchange, and no significant excitonic 

peak shift in the absorption spectrum was observed. But unfortunately, the 

photoluminescence of the CdSe quantum wires disappeared after this ligand- 

exchange reaction.  Heating or adding ligands generally beneficial to PL did not 

restore the PL of the CdSe wires.  The PL loss of the CdSe quantum wires was 
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irrecoverable. Apparently, many surface traps were created during the ligand 

exchange from the well-passivated TOPO/TOP surface, which quenched the PL. 

 

PEG-Phosphine oxide polymer-coated CdSe quantum wires. 

             Although the CdSe quantum wires were successfully transferred into 

water via exchange of the surface ligands with PEI (hyperbranched 

polyethylenimine), the photoluminescence of the CdSe nanowires was quenched. 

This limited applications of the quantum wires in biological systems. A better 

ligand was necessary to induce aqueous dispersibility while retaining the PL 

efficiency. 

            Our CdSe quantum wires were well passivated by TOPO/TOP ligands. 

Consequently, phosphine-oxide passivation might be retained with a polymer that 

also contains hydrophilic groups to support water dispersibility. In this way, the 

CdSe quantum wires may retain their optical properties upon transfer into water 

via ligand-exchange. An easily synthesized polymer consisting of phosphine 

oxide and PEG [poly(ethylene glycol)] was introduced in the quantum-dot 

study.49  There are two major steps for the synthesis of the polymer: (1) 

polymerization of 1,2-bis(dichlorophosphino)ethane and poly(ethylene glycol) 

and (2) neutralization of the HCl-phosphine salts that formed during (1).49 The 

phosphines are oxidized to phosphine oxides during step (2). A scheme for the 

synthesis of this polymer is shown in Figure 4-16. 
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Figure 4-16. Schematic illustration of the synthesis of PEG-phosphine oxide 

polymer.49 

              

             The structure of this PEG-phosphine oxide polymer, includes phosphine- 

oxide groups very similar to TOPO, which is proven to be a good surfactant for 

passivating the CdSe quantum-wire surface. The other component of the polymer 

is the PEG group, which is hydrophilic, and can serve the purpose of transferring 

our CdSe quantum wires into aqueous systems.  

             A CdSe quantum-wire solution in chloroform was heated at 60 oC with 

stirring for 1 h after the addition of the PEG-phosphine oxide polymer. Toluene 

was added into the solution to precipitate the CdSe nanowires. The brown 

precipitates so obtained were dissolved into water. A TEM image of the CdSe 

nanowires after ligand exchange is shown in Figure 4-17 (right). The morphology 

of the CdSe quantum wires didn’t show a significant change after the ligand-

exchange reaction.  
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Figure 4-17.  Photoluminescence spectra of the CdSe quantum wires at different 

stages of the ligand-exchange reaction with PEG-phosphine oxide polymer (a) 

and TEM images of the CdSe quantum wires from aqueous dispersion after ligand 

exchange (b and c). 

 

              Figure 4-17 also shows the photoluminescence spectra of the CdSe 

quantum wires before ligand exchange (black curve), immediately after ligand-

exchange (red curve), and after heating at 60 oC in water for 1 h after ligand 

exchange (green curve). The results establish that the as-prepared water-

dispersible CdSe quantum wires also lost their PL feature due to the damage 

(a) 

(b) (c) 
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caused to the nanowire surface during the ligand exchange. But after annealing 

the dispersion, the emission of the CdSe quantum wires was partially restored. 

The possible mechanism of this recovery of PL may due to the surface 

phosphine/phosphine oxide ligand surface reconstruction upon heating. These 

water-dispersible CdSe quantum wires have spectroscopic properties comparable 

to those in organic dispersions, which is suitable for potential biological 

applications. 

 

 

CdSe/SiO2 core/shell nanowires. 

           Because CdSe is harmful for in vivo study due to the toxicity of the 

material,50 a non-toxic shell that can retain the morphology and physical 

properties of the semiconductor quantum nanostructures could enable biological 

applications.  

             SiO2 is an excellent shell material to solve problems of toxicity, 

biocompatibility, and water solubility of CdSe quantum wires. Because SiO2 is 

hydrophilic, it cannot be directly grown as a coating shell in the organic solvent in 

which the CdSe quantum wires are typically dispersed. It is necessary to 

functionalize the CdSe quantum-wire surface to make it water soluble in order to 

grow the SiO2 shell. Therefore, the orginal hydrophobic CdSe quantum wires 

were coated with PEI or PEG-phosphine oxide polymer via ligand-exchange 

reaction to make the nanowires water soluble, as discussed above.  The polymer-

coated water soluble CdSe quantum wires were then dissolved in methanol, into 
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which tetraethyl orthosilicate (TEOS) and a small amount of water were added 

with stirring. The subsequent addition of a small amount of ammonium hydroxide 

(NH4OH) induced the hydrolysis reaction and condensation of TEOS to produce 

SiO2 shells on the CdSe quantum wire surface. 

              Figure 4-18 shows the TEM images of CdSe/SiO2 core/shell nanowires, 

which were made from CdSe quantum wires after the ligand-exchange reaction 

with PEG-phosphine oxide polymer. The CdSe quantum wires were annealed for 

1 h at 60 oC to restore the photoluminescence before coating with SiO2. These 

TEM images show that all the CdSe quantum wires were successfully coated by 

SiO2 shells. A control experiment of directly coating SiO2 onto hydrophobic CdSe 

quantum wires under the same reaction conditions failed to produce the 

CdSe/SiO2 core/shell structures, indicating the ligand-exchange procedure is 

necessary and important for the successful growth of SiO2 shells. 

 

 

 

Figure 4-18. TEM images showing successful growth CdSe/SiO2 core-shell 

quantum wires. 
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            The absorption and photoluminescence spectra are shown in Figure 4-19. 

The excitonic feature of the CdSe quantum wires was preserved in the CdSe/SiO2 

core/shell structures. There was no obvious change in the absorption spectra 

before and after coating. The PL spectrum of the CdSe/SiO2 core/shell structure 

exhibited a larger high-energy rise, which may come from the SiO2 shell. 

Although the emission efficiency of the CdSe/SiO2 was reduced compared to the 

original CdSe quantum wires in organic solvent, the advantages of the lower 

toxicity and water dispersibility show that the luminescent CdSe/SiO2 core/shell 

structure is still promising for the biomedical applications. 

 

 

 

 

 

 

 

 

Figure 4-19. Absorption and photoluminescence spectra of CdSe core quantum 

wires and CdSe/SiO2 core/shell structures. 
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Conclusion: 

            I successfully synthesized the Type-I CdSe/CdS core/shell nanowires 

using the optimized CdSe quantum wires as the core structures. The CdSe/CdS 

core/shell nanowires exhibited improved photoluminescence efficiency, 

comparable to that achieved in photoenhanced CdSe core-only nanowires 

(Chapter 3). The destruction of the core/shell CdSe/CdS nanowires resulting from 

lattice mismatch of the core material and shell material was also observed. 

            Water-dispersible CdSe quantum wires were also made via coating PEI 

and PEG-phosphine oxide polymers onto the nanowire surfaces. CdSe/SiO2 

core/shell structures were also made from the hydrolysis reaction of TEOS in 

aqueous solution containing polymer-coated CdSe quantum wires. These water-

dispersible nanowires preserved the morphologies and optical properties of 1-D 

semiconductor quantum nanostructures, which is promising for applications due 

to their lower toxicity and biomedical compatibility. 
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Experimental Section 

          Chemicals.   Cadmium stearate (90%), Cadmium oxide (CdO, 99%), Oleic 

acid (OA, 90%), tri-n-octylphosphine oxide (TOPO, 99%), trioctylphosphine 

(TOP, 97%) , selenium powder (Se, 100 mesh 99%), poly(1-hexadecene)0.67-co-

(1-vinylpyrrolidinone)0.33, Na[N(SiMe3)2] (1.0 M solution in THF), anhydrous 

pyridine, 1-octadecene (ODE), polyethylenimine (PEI, Mn = 600) polyethylene 

glycol (PEG, Mn = 600), 1,2-bis(dichlorophosphino)ethane, tetraethyl 

orthosilicate (TEOS, 98%), ammonium hydroxide solution (NH4OH, 27%) and 

dioctylamine (DOA, 98%) were obtained from Aldrich and used as received. 

Tetradecylphosphonic acid (TDPA, ~90%) was purchased from Polycarbon 

Industries Inc. and used as received. Toluene, hexane and chloroform (analytical 

grade) were all purchased from Aldrich and used as received. 1,3-

diisopropylbenzene (DIPB, from Aldrich) was shaken with concentrated sulfuric 

acid to remove thiophene, washed with water, and distilled over Na.  

 

Preparation of TOP=Se.  A neat mixture of 4 g of elemental Se powder (0.051 

mol) and 22 g TOP (0.059 mol) was loaded into a 100 ml storage bottle under dry, 

O2-free N2(g). The Se powder rapidly dissolved into the liquid mixture as heat 

was evolved. A second portion of 1 g of Se (0.013 mol) was added into the 

mixture to ensure the conversion of TOP to TOP=Se. The liquid fraction of the 

mixture was subsequently used.  
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        Preparation of TBP=Se.  A neat mixture of 4 g of elemental Se powder 

(0.051 mol) and 12 g of TBP (0.059 mol) was loaded into a 100 ml storage bottle 

under dry, O2-free N2(g). The Se powder rapidly dissolved into the liquid mixture 

as heat was evolved. A second potion of 1 g of Se (0.013 mol) was added into the 

mixture to ensure that all of the TBP had been converted to TBP=Se. The liquid 

fraction of the mixture was subsequently used.  

 

        Preparation of Bi-nanoparticle stock solutions.  Monodispersed Bi 

nanoparticles were grown in DIPB solutions of poly(1-hexadecen) 0.67-co-(1-

vinylpyrrolidinone) 0.33 and Na[N(SiMe3)2] at elevated temperatures (170-210 oC), 

following the procedure previously reported.51 The diameter of Bi nanoparticles 

were tuned from 5 to 18 nm (std. deviation = 5-10% of the mean diameter) by 

varying reaction conditions, and the effective concentration of the dispersions was 

0.04 mmol of Bi/g DIPB. 

 

         Bi-catalyzed growth of CdSe nanowires.  In a typical synthesis of CdSe 

nanowires, 6 mg of CdO (0.047 mmol), 53 mg of oleic acid (0.19 mmol), 50 mg 

of hexadecylamine (0.21 mmol), and 5 g of trioctylphosphine oxide (13 mmol) 

were loaded into a 50 ml reaction tube, which was degassed on a Schlenk line and 

backfilled with N2. The reaction mixture was heated at 320 oC in a salt bath 

(NaNO3: KNO3 ~ 1:1) until a clear solution was generated (~ 10 min). Then, the 

reaction tube was transferred to a 250 oC salt bath for wire growth. At this 

temperature, a mixed solution of 500 mg of TOP=Se (1.1 mmol), 100 mg of TOP 
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(0.27 mmol) and 23 mg of Bi solution (0.00092 mmol) was rapidly injected into 

reaction tube. After 5 min reaction, the reaction mixture was allowed to cool to 

room temperature.  

           1 ml aliquot of the reaction mixture was dissolved into 2 ml of toluene, the 

wires were precipitated with 6 ml of methanol and the sample was centrifuged 

and the supernatant was decanted. The precipitates were re-dispersed in 2 ml of 

toluene, precipitated with 6 ml of methanol, followed by centrifugation and 

decanting the supernatant again. Then, the precipitates were re-dissolved in 

toluene for optical measurements.   

           The diameter of CdSe nanowires grown by this approach can be varied by 

changing the reaction temperature from 240 oC to 280 oC and by choosing 

different sized Bi nanoparticles as the catalyst seeds. 

 

 

 

Synthesis of CdSe/CdS core/shell structure via the first method. 

Injection solution.  The cadmium injection solution (0.04 M) was prepared by 

heating CdO (0.062 g, 0.48 mmol) in oleic acid (1.08 g, 3.8 mmol) at 280 oC until 

clear, then TBP (10.8 ml, 43.3 mmol) was added. The sulfur injection solution 

(0.04 M) was prepared by dissolving sulfur powder (0.013 g, 0.40 mmol) in TBP 

(10.0 ml, 40.1 mmol) at 120 oC. Both injection solutions were made under N2 

flow and allowed to cool to room temperature for future use. 



 178 

Procedure for CdS shell growth. TOPO-capped CdSe nanowires (0.047 mol, 

based on the assumption of complete reaction between Cd precursor and Se 

precursor) were transferred to a 50 ml three necked flask, degassed, and backfilled 

with N2 on a Schlenk line. To this was added 30 ml of anhydrous pyridine. The 

CdSe nanowires dissolved readily, and the solution was allowed to reflux 

overnight under N2. The amount of the injection solution needed was calculated 

using the method described in the Results. 1 mL each of Cd(OA)2 (0.04 M) and 

TBP=Se (0.04 M) were loaded into 2 syringes. They were alternately added 

dropwise (1 drop per second) to the reaction solution at 110 oC. After the injection 

of the stock solution was complete, the reaction mixture was allowed to heat at 

100 oC for 20 min to complete the shell growth. Methanol (3 ml) was added into 

reaction mixture at room temperature to precipitate the CdSe/CdS core/shell 

nanowires. The precipitates were dissolved in toluene or chloroform for optical 

measurements. 

 

Synthesis of CdSe/CdS core/shell structure via the second method (SILAR) 

Injection solution. The cadmium injection solution (0.04 M) was prepared by 

dissolving CdO (0.615 g, 4.8 mmol) in oleic acid (10.83 g, 38.3 mmol) and ODE 

(108 mL, 337 mmol) at 240 oC. The sulfur injection solution (0.04 M) was 

prepared by dissolving sulfur (0.13 g, 4 mmol) in ODE (100 mL, 312 mmol)  at 

200 oC. Both injection solutions were made under N2. After clear solutions were 

obtained, the Cd injection solution and sulfur injection solution were allowed to 

cool to room temperature. The Cd injection solution required heating using a heat 
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gun with shaking to produce a clear solution before each use. For each injection, a 

calculated amount of a given injection solution was taken with a syringe using 

standard air-free procedures. 

Procedure for SILAR CdS shell growth. CdSe nanowires (0.047 mmol, based 

on the assumption of complete reaction between Cd precursor and Se precursor) 

were dissolved in 2.5 g of toluene were mixed with 3.0 g of HDA and 10.0 g of 

ODE in a 50 ml three-neck flask. The flask was evacuated at room temperature 

and then at 110 oC for 1 h to remove the toluene and any residual air from the 

system. Subsequently, the system was backfilled with N2 and the reaction mixture 

was further heated to 240 oC for the shell growth. The first injection was 0.30 ml 

of the Cd injection solution (0.04 M), and the amounts of the subsequent injection 

solutions were calculated using the method described in the Results. The second 

injection was 0.30 ml of Se injection solution (0.04 M). Then 2 injection cycles of 

Cd and S were alternately executed. The reaction was terminated by allowing the 

reaction mixture to cool to room temperature. The final product (CdSe/CdS 

core/shell nanowires) was diluted by toluene followed by methanol precipitation 

(toluene : methanol = 7 : 3). The precipitates were re-dissolved in toluene for 

characterization. 

 

Synthesis of water soluble CdSe nanowires with PEI. In a typical experiment, 

PEI (Mn = 600, ~0.2 ml, 0.00036 mmol) was added to the chloroform solution (~4 

ml) of the purified CdSe nanowires (0.02 mmol of CdSe). The resulting solution 

mixture was sonicated in a cleaning bath at room temperature for 30 min to ensure 
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completion of the PEI coating. Toluene (~1 ml) was added to precipitate the CdSe 

nanowires, and the precipitates were collected by centrifugation and re-dissolved 

in methanol or water for characterization. 

 

Synthesis of water soluble CdSe nanowires with PEG-phosphine oxide. 

Synthesis of PEG-phospine oxide polymer.49 Degassed 7.75 g (12.92 mmol) 

poly(ethylene glycol) (Mn = 600) was dissolved in 20.0 g of DMF for 1 h and then 

1.0 g (4.31 mmol) 1,2-bis(dichlorophosphino)ethane was added dropwise slowly 

while the solution was under N2 and vigorously stirred. The reaction solution was 

stirred at room temperature for 24 h after the addition. K2CO3 (2.38 g, 17.24 mmol) 

and 10 mL of methanol were then added and stirred vigorously. The solution was 

stirred for another 48 h until the pH reached 7~8. The solution was centrifuged 

and the precipitates were removed. The solvent was removed at a reduced 

pressure and the remaining solid was dissolved in 50 ml of chloroform. The 

solution was centrifuged again and the precipitates were removed, leaving the 

product in the solution. 

Ligand-exchange procedure. CdSe nanowires (0.047 mmol, based on the 

assumption of complete reaction between Cd precursor and Se precursor) were 

precipitated using methanol and dispersed in 10 mL chloroform. 10 mL of a 

chloroform solution containing the PEG-phosphine oxide polymer was mixed 

with the CdSe nanowire solution. The solution was vigorously stirred at 50 oC for 

1 h and then allowed to cool to room temperature. Toluene (~2 ml) was added to 
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precipitate the CdSe nanowires. The precipitates were collected and re-dissolved 

into methanol or water for characterization and further experiments. 

 

Synthesis of water soluble CdSe/SiO2 core/shell nanowires.  In a typical 

synthesis, the PEG-phosphine-oxide-polymer-coated CdSe nanowires were 

dissolved in a mixture of methanol (~ 1 mL) and H2O (~ 0.2 mL) into which 

TEOS (~ 0.06 mL, 0.27 mmol) and DOA (~ 0.2 mL, 0.66 mmol) were added. The 

obtained solution was stirred for 20 min at room temperature. After that, one drop 

of NH4OH solution was injected by syringe to adjust the pH of the solution to ~ 8. 

The reaction mixture was stirred for another 20 min to induce the hydrolysis and 

condensation of TEOS. The CdSe/SiO2 core/shell wires were collected by 

centrifugation and re-dispersed in methanol or water for characterization.  

 

          Characterization.  Samples for TEM analysis were prepared by dropping a 

dilute toluene solutions of NWs onto 300-mesh carbon-coated copper grids. TEM 

images were recorded using a JEOL 2000 FX microscope operating at 200 kV. 

The diameter distribution for each sample was determined using several TEM 

images at 500K magnification to ensure accurate measurement. The wire 

diameters were measured and recorded using Image-Pro Express software 

(version 4.5), and the distribution histograms were constructed from 400-500 

diameter measurements for each specimen. Simulations, peak fits, and integration 

calculations were all done using Origin (version 7). UV-visible absorption spectra 

were recorded on a Varian Cary 100E spectrophotometer at room temperature. 
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The nanowire solutions were prepared by diluting the purified nanowire samples 

with a certain amount of toluene in a 1-cm path-length quartz cuvette, and a 

baseline correction was performed prior to each measurement. Photoluminescence 

(PL) spectra were taken on a Varian Cary Eclipse fluorescence spectro-

photometer at room temperature.  
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