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Abstract

We examined the steady state and time resolved luminescence spectral properties of two types of 

CdS nanoparticles. CdS nanoparticles formed in the presence of an amine-terminated dendrimer 

showed blue emission. The emission wavelength of these nanoparticles depended on the excitation 

wavelength. The CdS/dendrimer nanoparticles displayed polarized emission with the anisotropy 

rising progressively from 340 to 420 nm excitation, reaching a maximal value in excess of 0.3. To 

the best of our knowledge this is the first report of a constant positive polarized emission from 

luminescent nanoparticles. We also examined a second type of nanoparticle, polyphosphate-

stabilized CdS. These polyphosphate-stabilized nanoparticles displayed a longer wavelength red 

emission maximum and displayed a zero anisotropy for all excitation wavelengths. Both 

nanoparticles displayed strongly heterogeneous intensity decays with mean decay times of 93 ns 

and 10 μs for the blue and red emitting particles, respectively. Both types of nanoparticles were 

found to be severalfold more photostable upon continuous illumination than fluorescein. Despite 

the long decay times, the nanoparticles are mostly insensitive to dissolved oxygen but were 

quenched by iodide. These results suggest that nanoparticles can provide a new class of 

luminophores for use in chemical sensing, DNA sequencing, high throughput screening and other 

biotechnology applications.

Introduction

There is presently widespread interest in the physical and optical properties of nanometer 

sized semiconductor particles, the so-called nanoparticles or quantum dots. It is known that 

the optical properties of such particles depend on their size.1–6 Such particles display optical 

and physical properties which are intermediate between those of the bulk material and those 

of the isolated molecules. For example, the optical absorption of bulk CdSe typically extends 

to 690 nm. When CdSe is made into 40 Å nanoparticles the longest absorption band shifts to 

530 nm.1 In nanoparticles a large percentage of the atoms are in the surface, rather than in 

the bulk phase. Consequently, the chemical and physical properties of the material, such as 

the melting point or phase transition temperature, depend on the particle size. Nanoparticles 

can be made from a wide variety of materials including CdS, ZnS, Cd3P2, and PbS, to name 

a few. The nanoparticles frequently display photoluminescence and sometimes display 
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electroluminescence.7–12 Additionally, some nanoparticles can form self-assembled arrays.
13–14 Because of those favorable properties, nanoparticles are being extensively studied for 

use in optoelectronic displays.

Photophysical studies of nanoparticles have been hindered by the lack of reproducible 

preparations of homogeneous size. The size of the particles frequently changes with time 

following preparation. This situation is now rapidly changing as a result of new methods in 

which the particle surface is coated with another semiconductor or other chemical species 

which stabilize the particles.15–18

The increasing availability of homogeneous sized nanoparticles suggests more detailed 

studies of their photophysical properties, which in turn could allow their use as biochemical 

probes. The first reports of such particles as cellular labels have just appeared.19–20 CdS 

particles have also been synthesized which bind DNA and display spectral changes upon 

DNA binding.21–23 In the present report we describe detailed studies of the steady state and 

time resolved emission of two types of stabilized CdS particles. CdS nanoparticles were 

fabricated in the presence of a starburst dendrimer.24 These particles display blue emission. 

The second type of CdS particles were stabilized with polyphosphate21 and display red 

emission.

Materials and Methods

Nanoparticle Preparation.

The blue emitting CdS particles were prepared in the presence of poly(aminoamine) 

starburst dendrimer, generation 4.0.24 The starburst dendrimer (PAMAM) of generation 4.0 

was purchased from Aldrich. This dendrimer is expected to have 64 surface amino groups 

and have a diameter near 40 Å. On the basis of the manufacturer’s value of the dendrimer 

weight fractions in MeOH and the known dendrimer densities, we prepared dendrimer stock 

solutions of 1.14 × 10−4 M in MeOH under a N2 atmosphere of 10 °C. The 2.0 mM stock 

solutions of Cd2+ and S2− were prepared by dissolving 62 mg of Cd(NO3)2•4H2O (Baker) in 

100 mL of MeOH and by dissolving 15 mg Na2S (Alfa) in 100 mL of MeOH. The Cd2+ and 

S2− stock solutions were freshly prepared. In the standard incremental addition procedure, 

an 0.50 mL aliquot of Cd2+ stock solution was added to 10 mL of the dendrimer stock 

solution at 10 °C, followed by addition of an 0.50 mL aliquot of S2−stock solution. The Cd2+ 

and S2− additions were repeated 10 times. The resulting solution was colorless and glowed 

bright blue under UV illumination. The product was stored in a freezer and did not show any 

evidence of precipitation for months. The nature of this nanoparticle-dendrimer composite is 

not under-stood at this time, but the composite is stable for long periods of time in neutral 

methanol.

The red emitting particles are also composed of CdS, but stabilized with polyphosphate.21 

For the polyphosphate-stabilized (PPS) CdS nanoparticles, 2 × 10−4 Cd(NO3)2•4H2O in 

degassed water was mixed with an equivalent amount of sodium polyphosphate, Na6(PO3)6. 

Solid Na2S was added, with vigorous stirring, to yield 2 × 10−4 M sulfide. The solution 

immediately turned yellow. Under UV light, the solution glowed red-orange.
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Spectroscopic Measurements.

Frequency-domain (FD) intensity and anisotropy decays were measured with 

instrumentation described previously.25 The excitation source was a HeCd laser at 325 or 

442 nm. The continuous output of this laser was amplitude modulated with a Pockels’ cell. 

The FD data were interpreted in terms of the multiexponential model

I t = ∑
i

αiexp −t/τi (1)

where αi are the preexponential factors and τi the decay times. The fractional contribution of 

each decay time component to the steady state emission is given by

fi = ∑
j

αiτi
αjτj

(2)

Frequency-domain anisotropy decay data were measured and analyzed as described 

previously26 in terms of multiple correlation times θk

r t = ∑
k

r0kexp −t/θk (3)

In this expression r0k is the fractional anisotropy amplitude which decays with a correlation 

time θk.

Results

While the absorption and emission spectra of nanoparticles have been widely studied, the 

scope of these measurements was typically limited to using the optical spectra to determine 

the average size of the particles. There have been relatively few studies of the time resolved 

photophysical properties of these particles. In the following sections we describe the steady 

state and time resolved emission of two types of CdS nanoparticles.

CdS/Dendrimer Nanocomposite.

Figure 1 shows the absorption and emission spectra of the CdS/dendrimer particles. One 

notices that there is a substantial Stokes’ shift from 330 to 480 nm. Such a large Stokes’ shift 

is a favorable property because the emission of the nanoparticles will be observable without 

homo energy transfer between the particles. Also, because of the substantial shift it should 

be relatively easy to eliminate scattered light from the detected signal by optical filtering.

The emission intensity of the blue nanoparticles is relatively strong. We estimated the 

relative quantum yield by comparing the fluorescence intensity with that of a fluorophore of 

known quantum yield, and an equivalent optical density at the excitation wavelength of 350 

nm. As a quantum yield standard we used a solution of coumarin 1 in ethanol with a 

reported quantum yield of 0.73.27 This comparison yields an apparent or a relative quantum 

yield of 0.097. We note that this value is not a molecular quantum yield because there is no 

consideration of the molar concentration of the nanoparticles. However, this value does 

indicate the relative brightness of the particles as compared to a known fluorophore. This 
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value is somewhat lower than reported previously,24 which was a quantum yield near 0.17. 

At present we do not understand this discrepancy, but it is known to be difficult to accurately 

determine quantum yields. Also, it is possible that the quantum yields differ for different 

preparations of the nanoparticles.

For use as a luminescent probe the signal from the nanoparticles must be stable with 

continual illumination. In previous studies the emission intensities and/or emission spectra 

of nanoparticles have occasionally been found to depend on illumination.28 In contrast, the 

CdS/dendrimer particles appear to be reasonably stable, about twofold more stable than 

fluorescein (Figure 2). We note that for these stability tests, the fluorescein and nanoparticles 

were illuminated with the focused output of a frequency-doubled Ti:sapphire laser. No 

changes in the emission intensity of the nanoparticles were found when illuminated with the 

output of a 450 W xenon lamp and monochromator.

CdS/Dendrimer Particles Display Polarized Emission.

For use as a biophysical probe of hydrodynamics a luminophore must display polarized 

emission. Since most nanoparticles are thought to be spherical, the emission is not expected 

to display any useful polarization. Importantly, the CdS/dendrimer particles were found to 

display high anisotropy (Figure 1). The anisotropy increases progressively as the excitation 

wavelength increases across the long wavelength side of the emission, from 350 to 430 nm. 

The emission anisotropy is relatively constant across the emission spectra. These properties, 

and the fact that the anisotropy does not exceed the usual limit of 0.4, suggest that the 

emission is due to a transition dipole similar to that found in excited organic molecules. The 

high and nonzero anisotropy also suggests that the excited state dipole is oriented in a fixed 

direction within the nanoparticles.

A fixed direction for the electronic transition suggests the presence of some molecular 

features which define a preferred direction for the transition moment. While most 

nanoparticles are thought to be spherical, the shape of the CdS inside of the CdS/dendrimer 

nanocomposite is not known. The electron micrographs24 showed that the particles and 

dendrimers exist as larger aggregates rather than as isolated species. Unfortunately, the 

presence of aggregates prevented determination of the particle shape.24 Our observation of a 

large nonzero anisotropy for these particles suggests an elongated shape for the quantum-

confined state. To the best of our knowledge, this is the first observation of a constant 

positive polarized emission from CdS nanoparticles. The emission from silicon 

nanoparticles has been reported as unpolarized29 or polarized.30–32 Polarized emission has 

also been reported for CdSe.33–34 However, in these cases the polarization is either negative 

or becomes negative in a manner suggesting a process occurring within the nanoparticle. 

Such behavior would not be useful for a fluorescence probe for which the polarization is 

expected to depend on rotational diffusion. The results in Figure 2 suggest that CdS/

dendrimer nanoparticles can serve as hydrodynamic probes for rotational motions on the 50 

to 400 ns time scale (see Figure 4 below). However, it is not yet known whether such a 

composite will be stable in a physiological environment which contains a variety of 

macromolecules. Also, methods to conjugate the dendrimer nanoparticles are not yet 

available. Such studies are needed prior to using these particles as biophysical probes.
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Effect of Excitation Wavelength.

If the particle preparation has a single particle size, the emission spectra are expected to be 

independent of excitation wavelength. Hence we recorded the emission spectra for the CdS/

dendrimer particles for a range of excitation wavelengths (Figure 3). Longer excitation 

wavelengths results in a progressive shift of the emission spectra to longer wavelengths. This 

effect is reminiscent of the well-known red edge excitation shift observed for organic 

fluorophores in polar solvents.35–36 However, the molecular origin of the shift seen in Figure 

3 is different. In this case, the shifts are probably due to the wavelength-dependent excitation 

of a selected subpopulation of the particles at each wavelength. In particular, longer 

excitation wavelengths probably result in excitation of larger particles with a longer 

wavelength emission maximum. Hence, this particular preparation of CdS/dendrimer 

particles appears to contain a range of particle sizes. However, we cannot presently exclude 

other explanations for the wavelength-dependent spectra seen in Figure 3.

Time Resolved Decay of the CdS/Dendrimer Particles.

We examined the time resolved intensity decay of the CdS/dendrimer particles using the 

frequency-domain method.25–26 The frequency responses were found to be complex (Figure 

4), indicating a number of widely spaced decay times. The FD data could not be fit to a 

single or double decay time model (Table 1). Three decay times were needed for a 

reasonable fit to the data, with decay times ranging from 3.1 to 170 ns. The mean decay time 

is near 117 ns. There seems to be a modest effect of excitation wavelength. The mean decay 

time decreases from 117 ns for excitation at 395 nm to 93 ns for excitation at 325 nm. Such 

long decay times are a valuable property for a luminescent probe, particularly one which can 

be used as an anisotropy probe. The long decay time allows the anisotropy to be sensitive to 

motions on a time scale comparable to the mean lifetime. Hence, one can imagine this 

particle being used as probes for the dynamics of large macromolecular structures, or even 

as model proteins since the nanoparticle size is comparable to the diameter of many proteins.

To better visualize the intensity decays, the parameters (αi and τi) recovered from the least-

squares analysis (Table 1) were used to reconstruct the time-dependent intensity decays 

(Figure5). The intensity is multi- or nonexponential at early times (insert) but does not 

display any long-lived microsecond components. While the intensity decay could be fit to 

three decay times, it is possible that the actual decay is more complex, and might be more 

accurately represented as a distribution of decay times.37–39 Further experimentation is 

needed to clarify the nature of the intensity decay displayed by nanoparticles.

We also examined the frequency-domain anisotropy decay of the CdS/dendrimer particles 

(Figure 6). The differential polarized phase angles are rather low, with the largest phase 

angles centered near 1.0 MHz, suggesting rather long correlation times for the particles. 

Least-squares analysis of the FD anisotropy data revealed a correlation time near 2.4 μs 

(Table 1). Such a long correlation time is consistent with the observation that the CdS 

particles are aggregated with the dendrimers, or somehow present in a composite structure. 

Much shorter correlation time would be expected for particles with a size consistent with the 

optical properties, that is near 20 Å. We note that the time-zero anisotropy recovered from 

the FD anisotropy data is consistent with that expected from the excitation anisotropy 
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spectra and the excitation wavelength. This agreement suggests that the anisotropy of these 

particles decays because of overall rotational motion and not because of internal electronic 

properties of the particles. Hence, one can expect nanoparticles to be useful as analogues of 

proteins or other macromolecules and as internal cellular markers which could report the 

rate of rotational diffusion. Of course it would be necessary to prepare particles which are 

not aggregated.

Polyphosphate-Stabilized CdS Nanoparticles.

We also studied the spectral properties of a different type of CdS nanoparticle. These 

particles were stabilized with polyphosphate to the surface.21 Absorption and emission 

spectra of these particles are shown in Figure 7. Compared to the CdS/dendrimer 

nanoparticles, these stabilized nanoparticles absorb and emit at much longer wavelengths. 

Their diameter was estimated to be 40 Å ± 15% by transmission electron microscopy. The 

spectra and intensities were found to be stable with prolonged illumination, at least fourfold 

more stable than fluorescein (Figure 2). The emission intensity of these red emitting 

particles is considerably weaker than the blue particles. The apparent quantum yield of the 

red particles was measured relative to DCM in methanol, with an assumed quantum yield of 

0.38.40 For equivalent optical densities at the excited wavelength of 442 nm, these particles 

display an apparent quantum yield of 0.015 and are thus less bright than the blue 

nanoparticle.

Compared to the blue emitting nanoparticles, these red emitting particles seem to display 

simpler and possibly less useful properties. The emission spectra were found to be 

independent of excitation wavelength, which suggest a highly homogeneous size 

distribution. The excitation spectrum (not shown) overlapped with the absorption spectrum. 

In an earlier preparation of such nanoparticles we noticed a long wavelength absorption 

above 480 nm which did not seem to be associated with any useful emission. This 

component did not appear in a later preparation. The absorption and excitation spectra of the 

CdS/dendrimer particles also appeared to be identical (Figure 1).

We examined the excitation and emission anisotropy spectra of these polyphosphate-

stabilized particles. The anisotropy was found to be zero for all excitation and emission 

wavelengths. The zero anisotropy values could be due to rotational diffusion of the particles 

during the long luminescence decay (below). However, we could not detect any time-

dependent decay of the anisotropy, as seen from the frequency-domain anisotropy data. We 

then examined the particles in 80% glycerol at −60 °C, and again found the anisotropies to 

be zero for excitation from 350 to 475 nm (Figure 8). Hence, it appears that these particles 

do not display any useful anisotropy. These results suggest that polarized emission is not a 

general property of nanoparticles, but requires special conditions of synthesis or stabilizers.

We examined the frequency-domain intensity decay of the stabilized nanoparticles (Figure 

9). The intensity decay is complex, again requiring at least three decay times to fit the data 

(Table 2). The intensity decay in the time domain is shown in Figure 5. The decay times 

range from 150 ns to 25.3 μs, with a mean decay time near 9 μs. Once again there was an 

effect of excitation wavelength, but less than seen with the blue emitting nanoparticles.
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Observation of microsecond decay times for these red emitting particles is an important 

result. There is currently considerable interest in using red or near-infrared (NIR) probes for 

noninvasive and/or in-vivo measurements.41–43 Most such probes display relatively short 

decay times, typically less than 1 ns. While a few metal-ligand complexes are known to emit 

in the red and to display long lifetimes,44 the choice of probes with long lifetimes is limited. 

These intensity decay data for the polyphosphate-stabilized nanoparticles suggest that such 

nanoparticle probes can provide a new class of luminophores with both long wavelength 

emission and long decay times.

Quenching of the CdS Nanoparticles.

We examined the effect of commonly used quenchers on the nanoparticle emission. The 

effect of oxygen is shown in Figure 10. Dissolved oxygen had a modest effect on the 

intensity from the CdS/dendrimer particles, with the emission being quenched by about 40% 

for equilibration at one atmosphere of oxygen (top). Remarkably, dissolved oxygen had no 

effect on the emission from the CdS-PPS particles (lower panel). This is particularly 

surprising given the long intensity decay time of these particles. Lack of oxygen quenching 

of a colloidal cadmium sulfide preparation was reported previously,45 but without the decay 

time data one cannot judge the sensitivity to quenching shown by this colloid. The absence 

of quenching by oxygen could be a valuable result. For instance, the absence of oxygen 

quenching is a valuable property of the lanthanides, allowing long decay times in samples 

exposed to air. These results suggest that some nanoparticles may be insensitive to oxygen, 

and thus useful for high sensitivity gated detection as is used in the lanthanide-based 

immunoassays.

We also examined the effects of the collisional quenchers acrylamide and iodide on the 

nanoparticles. The CdS/dendrimer nanoparticles were quenched by both iodide and 

acrylamide (Figure 11, top). The CdS-PPS particles were quenched by iodide but not 

significantly by acrylamide (bottom). The quenching observed for both types of 

nanoparticles seems to be at least partially dynamic, as seen by the decrease in mean decay 

time (Figure 12 and Table 3). Previous studies have shown that the emission of porous 

silicon is affected by solvents46–48 and that the emission of cadmium colloids was enhanced 

by alkylamines.49 Additional research is needed to determine the mechanism responsible for 

the quenching of nanoparticle luminescence.

Discussion

What are the potential applications of nanoparticles as luminescent probes? As mentioned 

previously, nanoparticles may provide an approach to obtain red NIR emitting probes with 

long decay times, which are presently not available. Some long-decay-time phosphorescent 

porphyrins are known,50–51 but such probes are readily quenched by oxygen. In contrast, we 

did not observe a significant effect of oxygen on the emission intensity the red nanoparticles. 

Hence, at least some nanoparticles appear to be resistant to quenching by oxygen, but it is 

not yet known if this is a general property of nanoparticles.

A favorable property of the nanoparticles is the long intensity decay time. This allows 

nanoparticles which display anisotropy to be used in hydrodynamic probes on the time 
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scales ranging from hundreds of nanoseconds to microseconds. This is a time scale not 

usually available to fluorescence without the use of specialized luminophores. At present, 

additional work is needed to understand how the luminescence decay times can be adjusted 

by changes in nanoparticles composition.

It is also important too determine if the emission from nanoparticles can be quenched by 

other dissolved or adsorbed quenchers. If so, what mechanisms of quenching are effective? 

Also, it seems possible that nanoparticles could display resonance energy transfer, as has 

been suggested in some early reports.42–43 Energy transfer between nanoparticles has been 

detected.52–53 Methyl viologen was reported to quench ZnS particle emission, but it is not 

known if the mechanism involved Förster transfer.53 However, it is not known if the 

nanoparticles will display resonance energy transfer to absorbing dyes, or if nanoparticles 

display Förster transfer. Also, what are the transfer rates and distances, and is the transfer 

sensitive to an orientation factor?

Additionally, considerable development is required before these nanoparticles can be used as 

biophysical probes. Methods must be developed for conjugating them to macromolecules. In 

the case of the CdS/dendrimer, the particles are actually nanocomposites of unknown overall 

structure.24 It is not known if the favorable anisotropy properties of these particles will be 

retained following conjugation.

And finally, it is important to determine whether nanoparticles can be fabricated as chemical 

sensors. Can the nanoparticle emission be sensitive to important species such as Ca2+, pH, or 

chloride? Will attachment of analyte-dependent absorbers to the nanoparticles result in 

analyte-dependent emission? In summary, nanoparticles offer many possible opportunities 

for use as biochemical probes and sensors. Further studies are needed to determine the 

ranges of application possible with nanoparticle technology.
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Figure 1. 
Absorption and emission spectra of the blue emitting CdS/dendrimer nanocomposite in 

methanol at room temperature. The excitation spectrum of this nanoparticle overlaps with 

the absorption spectrum. Also shown are the excitation and emission anisotropy spectra, also 

in methanol at room temperature.
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Figure 2. 
Photostability tests of the CdS/dendrimer and polyphosphate-stabilized (PPS) nanoparticles. 

The sample was contained in a standard 1 cm × cm (4 mL) cuvette. The incident power was 

30 mW at 405 nm from a frequency-doubled Ti:sapphire laser, 80 MHz, 200 fs, which was 

focused with a 2 cm focal length lens. Also shown is the intensity from fluorescein, pH 8, 

under comparable conditions. When illuminated with the output of a 450 W xenon lamp 

(385 nm for blue and 405 nm for red nanoparticles) there was no observable photobleaching.
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Figure 3. 
Emission spectra of the CdS/dendrimer composite for different excitation wavelengths. Also 

shown as the dashed line is the transmission profile of the filter used for the time resolved 

measurements.
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Figure 4. 
Frequency-domain intensity decay of the CdS/dendrimer nanocomposite for excitation at 

395 nm (top) and 325 nm (bottom). This solid line shows the best three decay time fits to the 

data.
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Figure 5. 
Time-dependent intensity decays of the nanoparticles reconstructed from the frequency-

domain data (Tables 1 and 2).
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Figure 6. 
Frequency-domain anisotropy decay of the CdS/dendrimer nanocomposite for excitation at 

395 nm, at room temperature in methanol.

Lakowicz et al. Page 17

J Phys Chem B. Author manuscript; available in PMC 2020 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Absorption (A) and emission (F) spectra of the CdS-PPS nanoparticles. In this case, the 

emission spectra were found to be independent of excitation wavelengths from 325 to 450 

nm. The dashed line shows the transmission of the filter used to record the time resolved 

data.
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Figure 8. 
Excitation anisotropy spectra of the CdS-PPS nanoparticles in 80% glycerol at −60 °C 

(dots). Also shown are the temperature-dependent spectra in 80% glycerol.
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Figure 9. 
Frequency-domain intensity decay of the CdS-PPS nanoparticles for excitation at 442 nm 

(top) and 325 nm (bottom). The solid lines show the best three decay time fits to the data.
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Figure 10. 
Effect of oxygen on the emission spectra of the CdS/dendrimer and CdS-PPS nanoparticles.
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Figure 11. 
Effect of acrylamide and iodide on the emission spectra of the CdS/dendrimer and CdS-PPS 

nanoparticles.

Lakowicz et al. Page 22

J Phys Chem B. Author manuscript; available in PMC 2020 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
Intensity decays of the CdS/dendrimer (top) and CdS-PPS nanoparticles (bottom) in the 

absence and presence of 0.2 M acrylamide or 0.2 M iodide. These measurements were done 

independently of those presented in Figures 4 and 9. For the CdS/dendrimer nanocomposite 

(top panel) the recovered average lifetimes (τ = 3fiτi) are 106.0 ns for not quenched (●), 

73.7 ns in the presence of 0.2 M acrylamide (○), and 36.7 ns in the presence of 0.2 M KI 

(▲). For the CdS-PPS nanoparticles (lower panel), average lifetimes are 9.80 μs for not 

quenched (●), 8.45 μs in the presence of 0.2 M acrylamide (not shown), and 4.09 μs in the 

presence 0.2 M KI (▲).
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TABLE 1:

Frequency-Domain Intensity and Anisotropy Decays of the CdS/Dendrimer Nanoparticles

exc. (nm) intensity decay anisotropy decay

n
a τi (ns) αi fi XR

2
n

a θk (ns) r0k χR
2

395 1 61.8 1.0 1.0 1,136.9 1 2430.5 0.228 0.6

2 6.2 0.747 0.137

116.0 0.253 0.863 32.0

3 3.1 0.748 0.090

50.2 0.163 0.319

169.8 0.089 0.591 1.1

325 1 52.3 1.0 1.0 991.5

2 7.8 0.705 0.160

97.9 0.295 0.890 37.5

3 2.7 0.699 0.080

39.5 0.205 0.341

142.8 0.096 0.579 1.7

a
Number of exponents.
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TABLE 2:

Frequency-Domain Intensity Decay of the CdS-PPS Nanoparticles

intensity decay

exc. (nm) n τi (ns) αi fi χR
2

442 1 597.5 1.0 1.0 1655.9

2 290.4 0.932 0.448

4907.3 0.068 0.552 242.9

3 150.0 0.749 0.188

1171.2 0.243 0.476

25320.0 0.008 0.336 2.7

325 1 680.2 1.0 1.0 1212.3

2 425.0 0.932 0.474

6470.9 0.068 0.526 93.5

3 241.6 0.717 0.227

1172.7 0.273 0.421

27783.0 0.010 0.352 2.9

a
Number of exponents.
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