
Chapter 5:  Experimental Method 

Summary 

This work contains two sets of experiments on cadmium selenide (CdSe) quantum 

dots.  Set I is a survey of reaction kinetics and performance of CdSe quantum dots grown 

in our standard “metal bath reactors” in three different organic solvents: 

trioctylphosphine oxide (TOPO), stearic acid (SA) and dodecylamine (DA).  The survey 

emphasizes properties— such as activation energy, photoluminescence quantum yield 

(PLQY), and the relative width of emission peaks—which can be obtained from 

photoluminescence measurements.  From an engineering point of view, the 

photoluminescence characteristics provide information about quantum dots under 

conditions similar to common QD applications.  Set II investigates quantum dot growth 

mechanisms in TOPO in closer detail.   A new “oil bath reactor” and a more quantitative 

sampling method is developed to address scientific questions about whether diffusion rate 

or reaction rate is the rate-limiting step for organometallic synthesis of CdSe quantum 

dots.  Here absorbance spectra are emphasized, because they provide more accurate 

information about nanocrystal radius, nuclei density, and precursor concentration. 

Set I – Reactant Preparation  

The target amounts of each chemical (Table 1) used to make each standard batch 

of CdSe quantum dots closely followed Peng & Peng’s method of using cadmium oxide 

(CdO) as a precursor,33 except that we used one fourth as much tetradecylphosphonic 
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acid (TDPA) as they did.  That way TDPA could only bind to one fourth of the Cd-

solvent interaction sites, based on Peng & Peng’s hypothesis that each Cd atom can bind 

to two ligands of the coordinating solvent.36  This allows coordinating solvents such as 

trioctylphosphine oxide (TOPO) to attach to most of the Cd atoms.  These amounts insure 

that for every 1.0 mole of CdO there were 0.5 moles of TDPA and 1.3 moles of Se.  With 

30% molar excess selenium (Se), the Cd precursors could be exhausted as the reaction 

approached completion, thus minimizing a strong source of unwanted background 

photoluminescence.  Reactants were prepared using the highest purity chemicals 

available, as described in Table 2.   

 
Table 1.  Amounts of each chemical in one standard batch of CdSe quantum dots. 

Chemical: TOP Se CdO TDPA TOPO, SA, or DA 

Moles: 0.005382 0.000520 0.000400 0.000204 depends on choice 

Amount: 2.4 mL 0.0411 g 0.0514 g 0.0566 g 3.7768 g 
 
 
 

Table 2.  Chemicals used for the organometallic synthesis of CdSe quantum dots. 
Symbol Chemical Name Purity Supplier Catalog # 

TOP  Trioctylphosphine (liquid) 90% Aldrich 117854 

TOPO Trioctylphosphine Oxide 
(powder) 

99% Aldrich 22,330-1 

TDPA Tetradecylphosphonic Acid 
(powder) 

~98% Polycarbon 
Industries 

15116 

SA Stearic Acid (powder) 97% Acros Organics 57-11-4 

DA Dodecylamine (solid) 98% Alfa Aesar 124-22-1 

CdO  Cadmium Oxide (powder) 99.99+% Alfa Aesar 10664 

Se  Selenium (shot) 99.999+% Alfa Aesar 20674 

Ar Argon (compressed gas) 99.9% Air-Gas Ar-300 
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Selenium shot was used because it is more stable, convenient, and safe than the 

powdered form.  Se was weighed first; in this way, the amounts of all other chemicals 

could be continuously scaled in proportion to the actual Se mass.  The Se shot and a 

Teflon coated magnet were placed in a 50 ml spherical flask with a special resealing 

rubber cap that enabled Ar purging through needles.  To prevent oxidation, all TOP 

solutions were sealed in argon-purged containers.  The volume of TOP was measured 

using a 5 ml glass syringe (with a luer-lock tip holding a 12 inch, 18-gauge stainless steel 

needle) by pressurizing the source TOP bottle with a few psi of Ar.  Then the TOP was 

injected into the flask containing Se.  After heating to 100 oC for 2 hours, Se dissolved in 

TOP to produce a colorless solution.   

The CdO, TDPA, and solvent powder (either TOPO or SA) were weighed and put 

in a 20 ml glass scintillation vial, for convenient transfer into the reaction glassware.  

When DA was the reaction solvent, it had to be weighed as a liquid.  The DA source 

bottle was heated in a small water bath at about 80 ºC, without floating it.  The melted 

DA was transferred to a scintillation vial using a disposable glass pipette, weighed on the 

balance, and poured into the reaction flask.  For samples referred to as grown “in SA”, 

the 3.777 g of TOPO in a standard batch was replaced with an equal mass of a mixture of 

95 wt. % SA and 5 wt. % TOPO.  The 5 wt. % of TOPO was included to insure there 

would be enough coordinating ligand, just in case stearic acid might not perform this 

function. 
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Set I – Synthesis in a “Metal Bath Reactor”  

While the Se was dissolving in TOP, the CdO, TDPA, and reaction solvent were 

purged with Ar (at a flow rate of about 1 mL/s) in the reaction flask while it was above 

the metal bath (containing a eutectic alloy of bismuth with a melting point of ~110 oC), 

shown in Figure 5-1.  The metal bath was heated by Glas-Col model TM-632, 550 watt 

well heater with a stainless steel cylindrical insert.   The temperature of the metal bath 

was measured by a type-K thermocouple in a stainless steel sheath, providing feedback to 

an Omega CSC32 bench-top controller.  When the metal bath reached 340 oC, it was 

raised up to contact the reaction glassware, and the CdO solution was heated until its 

color changed from red to rust-orange or colorless.  Then the set point was lowered to the 

experimental reaction temperature.   

To start the reaction, the entire Se-TOP solution (generally 2.6 mL) was injected 

into the Cd-precursor using a syringe with a 20 cm long curved needle.  Aliquots of the 

reaction were sampled at progressively doubling times (typically 0.5, 1, 2, 4, 8, 16, 30 

and 60 minutes) after injection.  To sample the reaction, a 30 cm long glass eye-dropper 

was used to remove about 0.8 ± 0.2 mL of the hot reaction liquid and transfer it into 6 ± 1 

mL of methanol at room temperature to immediately quench the reaction.  After a few 

minutes, the reaction material formed a sediment in the methanol, as shown in 

Figure 5-2a.  In this form, quantum dots can be stored for several years without 

deterioration, as long as all of the methanol does not evaporate.  To avoid inadvertent 

size-selective precipitation or alteration of the quantum dot size distribution, these 

samples were never centrifuged or rinsed in any solvents.   
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Figure 5-1.  “Metal bath reactor” used to synthesize CdSe quantum dots for the survey of 
organometallic reaction kinetics in different solvents. 
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Set I – Spectroscopy  

To form stable preliminary quantum dot suspensions for spectroscopic analysis, a 

micropipette was used to transfer 0.50 mL of methanol (from a quenched solution) and 

about 1 cubic mm of reaction sediment into 4.0 mL of toluene.  Each toluene vial was 

then agitated in a Vortex-Genie K-550-G for 10 seconds to dissolve the sediment.  The 

goal of this step was to produce a series of lightly colored suspensions (one for each 

reaction time, as shown in Figure 5-2b) that would have an absorbance of ~0.1 in a 1 cm 

cuvette.  Solutions that were too concentrated were diluted with a 1:8 volume ratio of 

methanol to toluene.  If the solutions displayed no color, more sediment was transferred.  

Using a micropipette, 3.00 mL of the preliminary suspensions were transferred into 

corresponding 1 cm wide glass cuvettes (Figure 5-2c).   

Absorbance spectra were acquired for each preliminary suspension using a Hitachi U-

2001 spectrophotometer, scanning at 400 nm per minute, from 390 nm to 720 nm by 1 

nm, with medium response.  The spectra were saved in Microsoft Excel format.  The 

baseline and standard scans always used a reference sample containing a clean 1:8 mix of 

methanol & toluene.  Based on the preliminary peak absorbance, Ap, and the flat 

background absorbance, B, a volume, V (mL), of the preliminary suspension was replaced 

with the same volume of 1:8 solvent mix to create a standard dilution with an absorbance 

0.05 ± 0.01 (for an optical path length of 1 cm).  Since absorbance is proportional to 

concentration, V = 3 mL *{1-0.05/(Ap-B)}.  This standard dilution method was used to 

minimize any concentration-dependent shifts in the photoluminescence peak position and 

to facilitate PLQY estimates.   
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Figure 5-2.  Typical sets of quantum dot suspensions prepared for spectroscopic analysis.  
Sample preparation proceeded in the following stages: a) precipitation in methanol, b) 
preliminary suspension in 1:8 volume ratio of methanol:toluene, c) standard dilution so 
that peak absorbance is 0.05 through 1 cm of solution, and d) photoluminescence of the 
standard dilutions. 
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Photoluminescence (PL) spectra of the standard dilutions were acquired on a Hitachi-

F-4500 Fluorescence Spectrophotometer.  In all cases, the photomultiplier tube detector 

was biased at 700 V, PL spectra were scanned at 1200 nm per minute with automatic 

response, and spectra were saved as text files.  For standard PL characterization, 

excitation was at 370 nm with a 5 nm excitation slit, while emission was monitored from 

390 nm to 720 nm by 0.2 nm with a 10 nm emission slit.  These wavelengths covered the 

emission range of CdSe quantum dots, and minimized detection of scattered excitation 

light near 1 and 2 times the excitation wavelength.   

PLQY measurements involve comparing the ratio of integrated PL counts for a 

sample to that of a reference (rhodamine 6G) with a known PLQY (95.5 ± 2%).1,70  To 

reduce errors in PLQY calculations, this comparison used the same conditions for both 

the reference and the sample, in terms of solvent (1:8 volume ratio of methanol to 

toluene), excitation wavelength (500 nm), peak emission wavelength (555 ± 5 nm), 

absorbance at the excitation wavelength (0.05 ± 0.02 cm-1), and geometry of the sample 

(1 cm wide square glass cuvettes).  Both excitation and emission slits were only open 

5 nm to prevent detector saturation, and emission was monitored from 515 nm to 720 nm 

every 0.2 nm.   

The excitation spectra of selected CdSe quantum dot samples grown in SA were also 

acquired on the Hitachi-F-4500, but with a slower scan rate of 240 nm per minute and 

with 2.5 nm slits.  The excitation wavelength was scanned 0.2 nm from 310 nm to 

650 nm by while the emission was monitored at the peak PL wavelength, determined by 

previous PL measurements. 
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Set II –Synthesis in “Oil Bath Reactor” 

To monitor the depletion of Cd peak precursors during a standard TOPO reaction, 

a new “glass reactor” was constructed, as shown in Figure 5-3.  The system consists of a 

temperature controller which turns on and off a hot plate with a magnetic stirrer.  The 

reaction takes place in a 50 mL filtering flask submerged in 100 mL of silicone oil 

AP 100 (Fluka #10838, stable to 350 °C) in a 250 mL beaker on the hot plate.  To 

decrease thermal gradients in the oil and to heat more efficiently, there is a glass cape 

around the beaker which surrounds it with heated air from the hot plate.  A 1 inch long, 

glass-coated magnet stirs the oil, while a 1 cm long glass coated magnet stirs the reaction 

inside the filtering flask.  The temperature of the oil bath is monitored and controlled 

based on the temperature read by a type-K thermocouple (TC1 in the figure below) 

immersed in the oil, while the temperature of the reaction fluid is monitored with a 

separate type-K thermocouple (TC2) inserted through a whole in the rubber stopper of 

the filtering flask.   

To minimize thermal gradients and to avoid the fog of condensed TOPO vapor 

inside the filtering flask, the purging argon is preheated as it passes through a loop of 

copper tubing immersed in water in a 100 mL beaker on the corner of the hot plate.  The 

temperature of the water is monitored by a third type-K thermocouple (TC3).  The copper 

tubing is connected to the side port of the filtering flask using high purity, high 

temperature Teflon tubing secured with small hose clips.  The flow rate of argon purging 

the reaction atmosphere is monitored by bubbling it through silicone oil.  A typical flow 

rate of 1 mL per second was used. 
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Figure 5-3.  “Oil bath reactor” used to carefully monitor the growth of CdSe quantum 
dots and the depletion of Cd reactants.  TC1, TC2, and TC3 are the three thermocouples 
used to monitor the oil bath, reaction, and argon water bath temperatures, respectively.   
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Since numerous samples would be extracted to monitor the detailed changes in 

the absorbance peak wavelength and Cd precursor concentration, the standard batch size 

was multiplied by 3.  Two reactions were performed, both with a target bath temperature 

of 285 °C; the first contained 1.3 moles of selenium per mole of CdO and the second 

contained 2.6 moles of selenium per mole of CdO.  One goal was to see if quantum dot 

evolution was dependent on selenium concentration.  In both reactions, there were 

24.4 moles of TOPO and 0.5088 moles of TDPA per mole of CdO, and 13.455 moles of 

TOP per mole of CdO.  In the first reaction, 0.872 grams of selenium shot were dissolved 

in 5.1 mL of TOP under argon atmosphere by heating the components in a sealed round 

flask to 150 °C and stirring with a Teflon-coated magnet for 1 hour.  Next, 0.1090 grams 

of CdO powder were measured into a 60 mL plastic media bottle, to which were added 

8.0176 grams of TOPO and 0.1225 grams of TDPA.   

While the oil bath was at room temperature, the CdO, TOPO, and TDPA were 

sealed in the filtering flask and purged with argon for several minutes.  The Cd-reactants 

were then heated to an oil-bath set-point temperature of 340 °C, with continual argon 

purging and stirring for 1 hour, until the CdO precursor solution changed color from a 

dark reddish-brown to a copper-tan color.  The set-point was reduced to 285 °C, which 

produced a stable reaction temperature inside the flask of 275 °C within thirty minutes.  

The power setting on the hot plate was reduced from its maximum level until a 

temperature controller duty-cycle of approximately 90% was achieved, to keep stirring 

almost continuously.   

Several standard solutions were made before starting the reaction.  A Cd standard 

solution was prepared by transferring 0.344 mL of the hot Cd TOPO liquid into 8 mL of 
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toluene.  This process was repeated to start a standard solution labeled “0 seconds,” to 

which 0.156 mL of selenium TOPO precursor was also added.  The selenium standard 

solution was also made by adding 0.156 mL of selenium TOPO to 8 mL of toluene.  The 

sample labeled “0 seconds” therefore contained a total of 0.5 mL of Cd and selenium 

precursors with the same molar ratio as in the reaction; however these were mixed at 

room temperature and never allowed to react at 285 °C. 

All remaining Se-TOP precursor was transferred into a 5 mL glass syringe with a 

12 inch long needle and injected into the heated Cd-TOPO precursor to initiate the 

reaction.  The temperature of the reaction liquid was recorded 10 seconds before each 

sample was extracted.  Using a micropipette with a vinyl hose extension and a glass 

pipette end, samples were extracted at 0.5,1.0, 1.5, 2.0, 2.5, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 

16, 18, 20, 25, 30, 35, 40, 50 and 60 minutes after injection.  Reaction time was recorded 

precisely when 0.5 mL of each hot reaction sample was quenched into 8 mL of toluene at 

room temperature.  The volume of reaction liquid remaining after taking all samples was 

also measured using the same extended micropipette.  A second reaction was performed 

under identical conditions, except that twice the mass of selenium was dissolved in TOP. 

Set II – Spectroscopy  

Within 2 hours of completing each reaction, absorbance spectra were acquired on a 

Hitachi U-2001 spectrophotometer.  After agitating a solution with a Vortex-Genie for 10 

seconds, 3 mL of each sample solution was immediately transferred into sealed glass 

cuvettes.  These glass cuvettes were hand made from drawn glass tubing with a square 

cross section and a 1 cm internal optical length.  Similar glass cuvettes containing only 
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toluene were used for the baseline and as a reference sample.  Each cuvette was agitated 

for 10 seconds immediately before measuring its spectra, in order to suspend any Cd 

precursor that might have begun to settle to the bottom.  Spectra were acquired from 

390 nm to 720 nm every 1 nm at a scan rate of 400 nm per minute with medium detector 

response.   If the peak absorbance exceeded 1.5 through a 1 cm wide cuvette, then the 

cuvette solutions were diluted to 50 percent or 33 percent of their original concentration, 

as needed to avoid going under the detector noise floor.  In contrast to the earlier method 

of preparing very dilute samples to minimize reabsorption errors during 

photoluminescence measurements, this method was designed to quantify the original 

concentration of components in the as-quenched sample. 

Safety 

Appropriate safety measures were used to minimize risks while synthesizing 

CdSe quantum dots.  A lab coat, nitrile gloves, and protective eyewear were worn 

throughout this process.  Synthesis occurred in Pyrex glassware secured in a fume hood.  

A forced air respirator mask was worn while weighing CdO powder (because it contains 

a carcinogenic heavy metal) and while weighing dodecylamine (because it burns mucus 

membranes).  Waste materials, including any item contaminated with CdO, were labeled 

and disposed of in accordance with the Virginia Tech Environmental Health and Safety 

Service.   
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