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Cadmium sulfide (CdS) nanoparticles (NPs), prepared by a convenient chemical precipitation method, have

been characterized using techniques such as TEM, XRD, zeta potential, absorption and photoluminescence

(PL) emission spectroscopy to establish the structure directing role of different cationic and anionic

surfactants and their impact on the nanoparticles stabilization. In the synthesis of the CdS NPs, cadmium

acetate and sodium sulfide, employed as starting reagents, were dissolved in aqueous solutions of

different surfactants to study the effect of their structures on the nucleation, growth, optical and PL

emission properties of the NPs. By varying the surfactant species, the CdS NPs have significantly different

optical and PL emission properties despite being produced under similar reaction conditions. Depending

on the surfactant structure, the growing CdS NPs were stabilized by the surfactants to different extents.

For example, in the surfactant with the longest chain length (e.g. cetyltrimethylammonium bromide;

CTAB), the CdS NPs were most stable, whereas using a surfactant with a smaller chain length i.e. DTAB, the

NPs were unstable for even 1 h. On the other hand, anionic surfactants of even smaller chain lengths were

able to stabilize the CdS NPs for quite long times. The generalized study of growth of spherical CdS NPs

involves monitoring the kinetics during the progress of the reaction. Additionally, an interesting prominent

effect of surfactant structure on the PL emission properties of the NPs has been established under identical

reaction conditions.

1. Introduction

In the past decade, semiconductor nanoparticles (NPs) have

gained tremendous popularity because of their numerous

technological applications ranging from biological labels1,2 to

optoelectronic transistor components.3 Many important stu-

dies4–6 on CdS NPs have revealed a Bohr radius of 2.4 nm7 and

direct band gap of 2.42 eV.8 The leading application areas of

these nanomaterials include photovoltics, light emitting

diodes and other optical devices.9,10 Since most of the

properties of semiconductor NPs strongly depend on the size,

size distributions and crystal structures,11 the majority of the

research has been limited to shape and size manipulations of

CdS NPs. For example, CdS NPs of various shapes and

morphologies, such as nanowires,12 triangular and hexagonal

CdS NCs,13–15 nanoflowers and nanotrees,16 belts17,18 and

tetrapods,19 have been synthesized by laser ablation, thermal

evaporation,20,21 solution chemistry routes22 and templat-

ing23,24 etc. CdS nanorods have been prepared by a solvother-

mal process25–28 using various capping agents or a passivator

to control and induce the growth of NCs. Despite these

numerous reports, many aspects related to the formation of

CdS nanostructures in aqueous media, stabilized through

various organic surfactants, remain to be explored. Among the

few studies, Mehta et al.29 have carried out various investiga-

tions related to the synthesis and growth of CdS NPs stabilized

with different cationic surfactants in aqueous media. Pandey

et al.30 have studied the effect of the reaction time and

surfactants (cetyltrimethyl ammonium bromide (CTAB) and

sodium dodecyl sulfate (SDS)) on the morphology and size of

the CdS NPs to show dramatic shape and size variations by

varying the surfactant and reaction time. Chakraborty et al.31

have utilized a very simple approach to prepare nanodisper-

sions (colloids) of CdS and HgS as well as their core-shell

products and composites (co-colloids) in micellar solutions of

the cationic surfactant CTAB. A relatively simple chemical

method to synthesize CdS nanotubes by employing the

surfactants AOT and Triton-X have been developed by Rao

et al.32 To improve the application potential of these synthetic

routes, further advancement is an important issue which
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needs to be considered through elaborating the tailoring of the

nanocrystal morphology, elucidating the growth mechanism

and optimizating the physical parameters for the generation of

well defined nanostructures.

In addition to interesting optical properties, CdS NPs with a

diameter of less than 10 nm have become a recent topic of

intense investigations towards their luminescent properties

mainly due to their inherent broad PL spectrum.33 The

formation of CdS nanostructures in aqueous media is a

chemical process initiated by the reactions of molecules or

ions that serve as precursors to nuclei. Nuclei undergo growth

or further reactions to form nanostructures. In these cases of

nanostructure evolution, the luminescent efficiency of the NPs

are strongly dependent on the surface state and could be

significantly improved by altering the surface passivation.34,35

Therefore, probing of surface state of CdS NPs is very

important due to either a theoretical interest or the instructive

significance in many applications.

In this work, we report various investigations related to the

stabilization of CdS NPs synthesized in aqueous media with

different cationic and anionic surfactants as stabilizing agents.

The objective of the study is to provide a sufficient database of

various parameters related to the synthesis and stabilization of

surfactant stabilized CdS NP through comparative investiga-

tions on the nucleation and growth in the presence of different

surfactants under identical conditions. Additionally, these

investigations could be useful in understanding the origin of

the optical and PL emission properties of the CdS NPs with

respect to the studied surfactants. Fig. S1 (ESI3) depicts the

molecular structures of the various surfactants used in this

study.

2. Results and discussion

2.1 TEM and DLS (dynamic light scattering) measurements

The sizes and morphologies of the CdS NPs (0.7 mM)

stabilized in different surfactants (3 mM) have been assessed

using TEM. Fig. 1 depicts a collection of TEM images. All the

NPs appear to be nearly spherical except for those synthesized

in DTAB. Virtually monodispersed and well-separated CdS NPs

are evident in all the cationic surfactants as well as in SL.

However, the NPs exist as a flower-like pattern in SDS and

SDBS, where 8–10 NPs seem to be closely associated. The

aqueous dispersions of the CdS NPs in these two surfactants

were equally homogeneous, as for the other surfactants, and

therefore these patterns of the NPs are considered to be

generated during the sample drying process on copper grids

due to the different natures of the surfactants.

A little distortion from the spherical shape has also been

noticed for the CdS NPs synthesized in TTAB compared to

those synthesized in other cationic surfactants. This may be

due to the comparatively weak stabilizing tendency of TTAB.

Furthermore, DTAB could not sufficiently stabilize the CdS

NPs, leading to the formation of irregular shaped, bigger sized

particles (Fig. 1). Still, the DTAB stabilized NPs are well

dispersed and are in the nm size range as well. The particle

sizes presented in Table 1 have been derived from the TEM

images by averaging the sizes of 30–40 NPs. The sizes and

shapes of the CdS NPs have been found to be strongly

surfactant dependent.

The size distributions of the aqueous CdS NPs (already

analyzed through TEM) have been obtained from DLS

measurements. The CONTIN algorithm was applied to

intensity autocorrelation data to obtain the intensity weighed

size distributions of the samples and the profiles are shown in

Fig. S2 (ESI3). Evidently, bimodal distributions with one major

and a minor peak have been observed in all the cases. The

Fig. 1 TEM images of the CdS NPs (0.7 mM) stabilized in aqueous solutions of different surfactants (3 mM).
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intensity and dispersity of each peak significantly depends

upon the surfactant type. Fig. S2 (ESI3) clearly indicates the

presence of a few bigger cluster formations, though most of

the NPs are in a 4 to 22 nm range in all the surfactants except

TTAB and DTAB. The NPs in TTAB and DTAB have size ranges

of 8–40 nm and 16–85 nm, respectively. The size distributions

of the CdS NPs have been observed to be narrowest in SDBS

and broadest in DTAB. The average particle sizes, correspond-

ing to the maxima of the most intense peak in the DLS size

distribution profiles, have been given in Table 1.

This technique measures the hydrodynamic radius of the

nanodispersions which includes the size of the adsorbed

surfactant layer/micelles and hydration shell of the head group

as well. However, TEM measures the size of the CdS cores only,

without taking into account their surroundings. The radius of

the DTAB and CTAB aqueous micelle with a C12 and C16

carbon tail length has been reported to be 1.8 nm and 2.3 nm

respectively, though it may vary in the presence of inorganic

salts.36 Therefore, the small disagreement of at least 4–7 nm in

the sizes of the CdS NPs obtained from the DLS and other

techniques is justifiable.

2.2. X-ray powder diffraction (XRD)

The crystal structure of the powdered CdS NPs obtained after

solvent evaporation from different surfactants has been

established with the help of XRD analysis and the typical

diffractograms are shown in Fig. 2. The XRD peaks at the 2h

angles of 25.7u, 43.8u and 52.0u have been indexed to the

,100., ,220. and ,311. planes, respectively. On compar-

ing these with the standard JCPDS database values, all the

peaks can be indexed to pure cubic CdS. Interestingly, all the

XRD patterns of CdS have been found to be almost the same,

irrespective of the surfactants used in the synthesis. This

obviously indicates that all the surfactants give NPs with the

same average size in powder form and that the structure

dependent tendencies of the surfactants towards stabilization

of the NPs are significant only in aqueous solutions.

On the basis of similar XRD studies, Chae et al.37 have

reported the production of spherical and rod shaped CdS NPs

and found that the diffraction patterns have been found to be

dependent on the NPs shape. On comparing the diffraction

patterns with those of various shaped NPs, the diffraction

patterns can be taken as indicative of the formation of

spherical CdS NPs in all the surfactants. From the broadening

of the XRD peaks, the sizes of the nanocrystallites were

Table 1 The sizes and PDI of the surfactant stabilized CdS NPs deduced from the TEM and DLS measurements

[Surfactant] (3 mM) dTEM (nm) (¡0.5) (¡standard deviation) Hydrodynamic radii (nm) obtained from DLS (¡standard deviation) PDI (DLS)

CTAB 2.70 ¡ 1.04 8.60 ¡ 3.80 0.362
TTAB 3.10 ¡ 0.93 12.4 ¡ 4.60 0.410
DTAB 32.5 ¡ 6.94 35.1 ¡ 11.40 0.570
SL 3.15 ¡ 0.45 9.40 ¡ 3.10 0.384
SDS 3.00 ¡ 1.12 10.4 ¡ 3.20 0.416
SDBS 2.60 ¡ 1.44 7.90 ¡ 2.90 0.311

Fig. 2 XRD patterns of the powdered ZnS NPs recovered from aqueous solutions of different surfactants.
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calculated using the Debye–Scherrer formula38 and the average

crystallite size has been found to be 2.1 ¡ 0.1 nm. The sizes of

the NPs, as obtained from the powder XRD patterns, under-

estimate the size obtained by TEM spectroscopy. Qualitatively,

this disagreement of sizes calculated using different techni-

ques is justified as the XRD line broadening does not take into

account the other contributions e.g. lattice defects, disloca-

tions, faulting and lattice strain.39 It is remarkable in this

study that the primary nanocrystal in the powder form has the

same size and structure irrespective of the surfactant, which in

an aqueous solution exists as an ensemble of many NCs which

form NPs of varying sizes. Since the XRD analysis reveals that

the CdS NPs have almost identical natures in the powder form,

the morphology of some selected samples has been investi-

gated through SEM. Fig. S3 (ESI3) presents the SEM images of

the powdered CdS NPs separated from some cationic and

anionic surfactants. The images clearly depict spherical

particles with some aggregates in CTAB, whereas highly

associated irregular-shaped particles are evident in the sample

separated from DTAB. Spherical and associated particles have

also been noticed in SDBS with presence of some surfactant

layers in between the particles. The magnified view of such a

single particle has been presented in Fig. S3(d).3 One can

clearly interpret that the large sized single particle in te SEM

image is actually an ensemble of many small spherical

particles which have associated with one another during the

solvent evaporation. This also justifies the large sizes of the

CdS NPs in the powder form measured from the SEM images.

2.3. UV-vis spectroscopic analyses: optical band gap and size

determination

The UV-vis absorption spectra of the as-prepared dispersions

of the CdS NPs have been recorded after one hour and the

spectra are shown in Fig. 3(a). Each spectrum shows an

absorption onset in the range of 470–490 nm. The exact

positions of the spectral absorption edges of the CdS NPs in

different surfactants have been given in Table 2.

Compared to the UV-absorption of the bulk (540 nm)

material, the apparent blue shift in the absorption edges of the

CdS NPs indicates that the position dependent quantum size

effect has been found in all the samples.40 The extent of the

blue shifts in the absorption edges for the CdS NPs has been

found to be surfactant dependent. In addition, the UV-vis

spectra of the CdS NPs display characteristic shoulders in the

390–410 nm region due to 1S–1S excitonic transitions.41 The

positions and shapes of these absorption shoulders have also

been found to be surfactant dependent. Moreover, the baseline

absorbance of the UV-vis spectra can also be taken as

indicative of the presence of some bigger NP agglomerates in

the sample.42 The presence of some large agglomerates is also

evident from the higher baseline absorbance of the bulk CdS

and the DTAB stabilized NPs, which settled at the bottom of

the flask after agglomeration. A comparative account of the

effectiveness of different surfactants in the synthesis of CdS

NPs in terms of various UV-vis spectral features has been

summarized in Table 2. The sizes of the semiconductor NPs

can be correlated to the position of the absorption onset,

which can be easily determined from the absorption spectra.

The optical band gap of the CdS nanodispersions has been

determined using the Tauc relation43 given in eqn (1).

(ehn)~C(hn{Eg)
m (1)

where C is a constant, e is the molar extinction coefficient,

which can be obtained from the measured absorption spectra

using the Beer–Lambert law, Eg is the average band gap of the

material and m depends on the type of transition. For m = K,

the Eg in eqn (1) is a direct allowed band gap. The average

band gap was estimated from the intercept of the linear

portion of the (ehn)2 vs. hn plots on the hn axis, as shown in

Fig. 3 (a) UV-vis spectra of the CdS NPs (0.7 mM) stabilized with different surfactants (3 mM); (b) their respective Tauc plots for the determination of the optical band

gap.
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Fig. 3(b). The sizes of the NPs were then calculated from the

band gap values using the effective mass approximation

(EMA).44 The values of the effective mass of an electron (me)

and that of a hole (mh) used in the NPs size calculations were

0.2 mo and 0.8 mo, respectively, mo being the rest mass of an

electron. Though the EMA model includes certain approxima-

tions, it is widely used in the literature and is sufficient for our

comparative study. The optical band gap values and average

sizes of the CdS NPs in different surfactants calculated using

the EMA are given in Table 2. On comparing the cationic

surfactants with different chain lengths, smaller size NPs have

been produced in the presence of surfactants with the longest

hydrophobic chain length and the size increases on decreasing

the hydrophobic chain length. The DTAB stabilized CdS NPs

have been found to be least stable and precipitated within half

an hour of their formation. These differences can be attributed

to the stronger adsorption tendencies of long chain surfac-

tants onto the particle surface due to their increased

hydrophobicity.45 On the other hand, even the anionic

surfactants with a small chain length (C12) are able to stabilize

the CdS NPs at smaller sizes, depending upon their head

group functionalities, though the NP sizes are still greater than

those stabilized in CTAB. This might be due to the larger

polarizability of the anionic head groups and a correspond-

ingly stronger interaction with the surface of the CdS NPs.

Among anionic surfactants with the same chain length, the

head group functionality has again played a prominent role by

stabilizing the smallest size CdS NPs in SDBS. On the basis of

the above discussion, it can be concluded that the increased

hydrophobicity as well as a head group with polarizable

functionality, such as an aromatic ring, in the surfactant tends

to provide better adsorption over the NP’s surface to stabilize

them at smaller sizes.

It is important to mention that the NP sizes calculated on

the basis of the EMA give an average particle size because of

some polydispersity in the samples, as evident from the DLS

measurements. However, the DLS analysis does not provide

the true polydispersity index in each sample of the CdS NPs

(core semiconductor material only) because it measures the

hydrodynamic size of the NPs, taking into account the

adsorbed surfactant layer/surfactant aggregates as well as the

hydration sphere of the counterions.

Therefore, the variation in the mode of the surfactant

adsorption/aggregation over the surface of the CdS NPs would

also affect the particle size distribution analyses. The actual

distribution of the CdS NPs core, excluding the surfactant

layer, is expected to be different. The changing size distribu-

tions of CdS and CdTe NPs have been correlated to the

difference in the position of the absorption edge and the peak

i.e., Dl = lonset 2 lpeak.
46 Moreover, Searson and co-workers47

have also demonstrated that the particle size distribution of

the semiconductor NPs is related to the local slope of the

absorption edge and the NPs have a broader absorption

shoulder than a single crystal due to the particle size

distributions. Since the UV-vis absorption spectroscopy takes

into account the light absorption characteristics of the

semiconductor material only, the information derived about

the particles size distributions on the basis of this technique

can be taken as the true distribution of the NPs. In spite of

certain quantum mechanical assumptions during the trans-

formation of the spectral characteristics into particle size

distribution profiles, the method is reliable enough for

comparative analyses of different systems under similar

conditions. A comparison of the size distributions of the CdS

NPs stabilized with different surfactants has been obtained

from a recently developed spectral slope (MES) method.48 The

results are in presented in Table 2. As expected, the size

distribution trends for the CdS NPs are different from those

estimated on the basis of the polydispersity index (PDI) due to

differences in the aggregation of the surfactant over the NPs

surfaces.

2.4. Kinetics of NP formation

The UV-vis absorbance of semiconductor NPs is directly

proportional to the number of absorbing particles (assuming

a constant NPs size), i.e., the concentration of NPs formed

during the process. Therefore, the process of particle forma-

tion, growth and stability can be easily monitored using UV-

visible spectroscopy by measuring the changing spectral

features and absorbance changes as a function of the time

elapsed after the addition of cadmium acetate. Ma et al.49 have

evaluated the kinetics of aggregation of mononucleotide

stabilized CdS NPs in aqueous solution by monitoring the

loss of absorbance at 430 nm as a function of time. The effect

of the surfactant structure on the kinetics of the nucleation

and growth of the CdS NPs in an aqueous micellar solution

has been measured by monitoring the absorbance changes in

between the absorption edge and absorption shoulders, where

most of the NPs contribute to the spectrum. The time

Table 2 UV-vis spectral features, optical band gap and sizes of the surfactant stabilized CdS NPs

[Surfactant]
(3 mM)

ledge (nm)
(¡1 nm)

Eg (eV)
(¡0.02)

dabs (nm)
(¡0.1)

Baseline of absorption
spectral at 350 nm (¡0.002)

Slope of the linear region of the UV-spectra between
the absorption edge and shoulder, MES (-ve)(6 1022)

CTAB 479 2.76 2.70 0.014 6.135 ¡ 0.05
CTAC 490 2.84 2.40 0.002 6.450 ¡ 0.04
CPyC 463 2.89 2.20 0.010 6.803 ¡ 0.04
TTAB 481 2.66 3.10 0.003 6.041 ¡ 0.03
DTAB 525 .2.50 32.5 0.050 1.332 ¡ 0.01
SL 489 2.65 3.15 0.004 8.862 ¡ 0.05
SDS 475 2.68 3.00 0.010 9.781 ¡ 0.01
SDBS 470 2.78 2.60 0.002 7.581 ¡ 0.03
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dependent spectral absorbance has been monitored at 395 nm

for CTAB and TTAB and at 450 nm for the anionic surfactants

and DTAB. The two wavelengths selected correspond to the

vicinity of the shoulder in the absorption spectra where a

maximum shift has been noticed, as discussed later. The time

dependent absorption profiles of the CdS NPs stabilized with

different surfactants are presented in Fig. 4. The concentra-

tions of the surfactants (3 mM) as well as that of the Cd2+ ions

(0.7 mM) were kept the same in each system for a better

comparison of the variations in the time dependent UV-visible

spectra and absorbance profiles.

The CdS NPs in all the surfactants except TTAB and DTAB

display similar absorbance profiles with an initial steep

increase approaching a plateau region of constant absorbance.

The initial absorbance values indicate that the nucleation was

instantaneous and most of the nuclei formed within a mixing

time of 30–35 s before starting the absorbance measurements.

The much steeper uptrend in the first few minutes and the

time taken to reach the plateau significantly depend upon

surfactant–NP interactions. In TTAB, the absorbance displays

a steep rise within the first 10 min and then starts decreasing

with a small plateau at the maximum absorbance due to the

disappearance of some nucleated particles which aggregated

into bigger ones. However, the CdS NPs formed in DTAB have

been found to be stable for the initial 20 min only and

thereafter display a sharp prominent decrease in the absor-

bance due to their precipitation to the bottom of the flask,

which was also evident from a visual inspection of the sample.

Fig. 4 Time evolution of the absorbance corresponding to the UV-vis absorption shoulder of the CdS NPs (0.7 mM) stabilized with different surfactants (3 mM). l =

395 nm (for CTAB and TTAB), l = 450 nm (for the anionic surfactants and DTAB).
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Since the surfactant concentration was kept constant at 3 mM

and sodium sulfide was taken in excess, the formation of CdS

NPs in all the surfactants except TTAB and DTAB has been

assumed to follow pseudo first-order kinetics. The absorbance

profiles in Fig. 4 are equivalent to fits by a first-order rate

eqn.50,29

At~A?(1{e
{kt) (2)

where At is the absorbance at time t, A‘ is the maximum

absorbance attained at a plateau after one hour and k is the

first order rate constant. The results of these fits are

summarized in Table 3. By changing the head group structure,

an interesting behavior has been observed in the anionic

surfactants where the rate constant in SDS and SL has been

found to be 2.7 and 1.5 times that of SDBS, respectively.

The influence of changing the head group has been found to

support our earlier observation of a 3.7 fold increase in the

rate constant by changing the head group from pyridinium to

trimethylammonium.29 The results reveal that the larger and

more polarizable head group size probably inhibits the process

of particle formation/growth due to different kinds of

interactions with the CdS NPs. Additionally, the changing

spectral features with time have also been visualized by

recording a set of ten spectra at 2 min intervals in each of the

surfactants and the results are presented in Fig. S4 (ESI3). It

can be interpreted from Fig. S4 (ESI3) that along with an

increase in the absorbance, the position of the UV-vis spectra

of the CdS NPs has also been red shifted with time to reach a

limiting value that depends upon the type of surfactant. This

can be attributed to the growth of small nucleated NPs to

reach a stable critical size along with the formation of some

new nuclei. It is interesting to notice that in the case of the

CdS NPs, the red shift is not observed in the whole spectra but

only in a particular portion, with almost no change in the

absorption edges. Also, the portion of the CdS NPs spectra

which has been red shifted and the extant of the shift has been

found to be surfactant dependent. An almost negligible

spectral shift in TTAB reveals that the NPs have immediately

grown to a certain stable size. On the other hand, the DTAB

could not stabilize the CdS NPs and the spectrum shows a

downward shift as the particles start precipitating down. In

anionic surfactants, the spectral features also display a shift in

a particular wavelength range without significantly affecting

the band edge position.

Recently, it has been argued that the growth of the NPs may

result from coalescence, Ostwald ripening and the reactions of

ions with nuclei.51 In the present case, neither the decrease in

the absorbance (except TTAB and DTAB) nor any prominent

red shift in the band edge position has been observed.

Therefore, it is believed that the steady growth of the CdS NPs

is through reactions of ions with nuclei. This leads to certain

structural transitions in the CdS NPs within the first hour

without significantly affecting the average particle size.52 The

varying size distributions of the CdS NP at different growth

times have also been correlated to the changing spectral slopes

(MES) for each set of time evolution UV-vis spectra presented in

Fig. S4.3 The estimated values are depicted in Fig. 5. On the

basis of similar studies53 upon the temporal evolution of CdS

and CdTe NCs, three growth regimes have been discerned with

respect to the polydispersity of the nanodispersions. However,

we have identified only two regions with respect to the

polydispersity in growing CdS NPs, i.e. the region of the initial

increase followed by the region of the steady decrease in the

MES values. In the initial increasing of MES, there is a

‘focusing’ of the size distribution in all the surfactants except

DTAB. The extent of the focusing seems to be surfactant

Table 3 First-order rate constants obtained from fiting eqn (2) to the time

evolution of the absorbance during the nucleation and growth of the particles

in the presence of different surfactants

[Surfactant] (3 mM) A‘ (a.u.) k (min21
6 1022)

CTAB 0.460 15.79 ¡ 0.31
SL 0.465 8.03 ¡ 0.05
SDS 0.485 14.93 ¡ 0.23
SDBS 0.462 5.64 ¡ 0.06

Fig. 5 Change in the UV-vis spectral slope of the CdS NPs with growth time in various surfactants.
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dependent and this region has been evidently absent in the

NPs stabilized with DTAB. This result stands in agreement

with the earlier report54 on the synthesis of thioglycolic acid

(TGA)-capped CdTe NCs, where no focusing effect was

observed. Thereafter, the event of decreasing MES has been

described as ‘defocusing’ or Ostwald ripening by Peng et al.55

From the prominent ‘defocusing’ observed for DTAB

stabilized CdS NPs it is evident that this event can also result

from the aggregation of the NPs, which is quite different from

Ostwald ripening. Defocusing of the particle sizes has not been

observed for the NPs in SDS, whereas this event is present to a

small extent in SDBS. The third stage, termed as the

‘equilibrium’ stage, in which the size distribution does not

change with time, is virtually absent in all the samples.

Theoretical aspects of ‘focusing’ or ‘defocusing’ of the particle

size distribution in an ensemble of growing NPs during

Ostwald ripening has also been described by Talapin et al.56

2.5. Long time stability and UV-irradiation

Apart from monitoring the formation of the CdS NPs for

initially one hour, it would be of great importance to access the

prevalent changes in the NPs after a long period of storage in

aqueous dispersions. This aspect of the CdS NPs has been

analyzed by comparing their UV-vis spectra, recorded after

keeping them under normal room temperature conditions for

24 h. The spectral results are presented in Fig. 6.

All the samples display a decrease in absorbance along with

a blue shift in the absorption spectra. A quantitative account

of the surfactant dependent changes in UV-vis spectra in terms

of the absorbance decrease and blue shift are given in Table 4.

The absorbance decrease can be assigned to two possible

processes taking place in the samples. First, the coalescence

that involves the reaction of two particles during the growth,

leading to a decrease in the total particle density with time,

has been suggested51 to show an absorbance decrease near the

band edge position. Second, the photocorrosion of aqueous

CdS NPs, a well known phenomenon, has already been

reported57,58 to bleach the CdS by daylight in damp air,

leading to CdSO4 as product. Since the decrease in absorbance

as well as the blue shift has been found to be different in all

the samples, it is therefore believed that the photodissolution

process has reduced the size of the NPs and the coalescence of

the particles has reduced their number densities in the

samples. The coalescence process of the NPs has been possibly

controlled by the adsorbed surfactant, thereby causing the

absorbance differences. The complete dissolution of very small

CdS NPs might also have resulted in an absorbance decrease.

In principle, the coalescence of two small NPs into a larger one

is expected to cause a red shift in the UV-vis spectra.

On the contrary, the photocorrosion of bigger NPs into a

smaller one would cause a blue shift. The competition between

the two processes has therefore produced different resultant

blue shifts in different surfactants, though photocorrosion has

the dominant effect. Similar results, although with a very small

blue shift, have also been reported by Sato et al.59 during their

studies on dissolution of CdS NCs in aqueous NH3 for more

than a week. The role of the electron/hole in the anodic and

cathodic reactions has been discussed by Meissner et al.,60

explaining the mechanism of sulfate formation during the

photocorrosion of CdS NPs. The exceptionally large blue shift

in the UV-vis spectra of the CdS NPs stabilized in SDBS

justifies the possible role of the p-electrons of the benzene ring

respectively, in the photocorrosion process. Additionally, the

maximum absorbance decrease in TTAB and SDS is due to the

prominent coalescence of the NPs due to comparatively weak

stabilization by these two surfactants, leaving aside DTAB

where the NPs have already been precipitated within half an

hour of their formation. The photodissolution behaviour of

the CdS NPs under UV-light has also been evaluated by

comparing the UV-vis absorption spectra. The 24 h old

aqueous dispersions of CdS NPs were further irradiated with

UV-light (254 nm) for 3 h and the spectra were recorded

immediately as well as after a time delay of 1 and 20 h. The

results are presented in Fig. 6 and quantitatively in Table 4. An

absorbance decrease along with a blue shift similar to those

observed in normal room conditions but to a comparatively

smaller extent has been observed in all the samples.

These results are in agreement with those reported by Sato

et al.59 in the photo-etching of CdS NPs with light of different

wavelengths greater than 420 nm. On the basis of similar

shifts in the absorption spectra, Spahel et al.61 have also

discussed the photodissolution of CdS NPs into small sized

NPs. These changes have been explained on the basis of the

decrease in the absolute volume of the NCs. The photocorro-

sion or photodissolution of the CdS NPs, producing smaller

ones, has been evident from the blue shift in the UV-vis

spectra along with the decrease in the total density of the NPs.

The surfactant dependent varying extent of the spectral blue

shifts reveal that the photodissolution process of the CdS NPs

depends up on the type of surfactant. Since the photocorrosion

and photodissolution processes start at the surface of the NPs

directly exposed to the radiations, smaller CdS NPs with a

greater surface area are expected to be greatly affected.

Moreover, once again the CdS NPs stabilized in SDBS have

been found to display a maximum blue shift in their spectra

after UV-irradiation when compared to other samples, further

supporting the possibility of the p-electrons participation.

Furthermore, after removing them from UV-irradiation, no

significant changes were observed in the UV-vis spectra of the

CdS NPs in any of the surfactants, even after 20 h. This

signifies that the CdS NPs have now become resistant towards

any type of changes. Some researchers34,35 have reported the

formation of Cd(OH)2 with the slow surface photoreactions of

the CdS NPs. It is suggested that the Cd(OH)2 layer generated

over the surface of the CdS NPs has passivated the NPs towards

further photocorrosion or photodissolution and has attained

the limiting size.

2.6. Mode of surfactant adsorption: FTIR analyses

The adsorption mode of long alkyl chain cationic and anionic

surfactants has been well established62,63 by analyzing the

shifts in the existing bands and the formation of new bands in

the FTIR spectra of the adsorbed surfactants. Fig. S5 and S6

(ESI3) represent comparative FTIR spectra of free and CdS

bonded surfactants. For all six surfactants, the C–H symmetric

and asymmetric stretching vibration modes of the alkyl chain

(3000–2800 cm21) appear at the same position in the free and

adsorbed state. In cationic surfactants, the peaks in the 1400–
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Fig. 6 Effect of the ripening time and UV-light irradiation on the absorption spectra of the CdS NPs (0.7 mM) prepared in different surfactants (3 mM) after 1 h of

formation (BI1), 20 h of formation (BI20), immediately after removing them from 3 h UV-irradiation (AI0) and after 20 h (AI20).

Table 4 Variation in the spectral features after 20 h ripening of the CdS NPs

Surfactant After 24 h in normal room temperature conditions After 3 h of UV-irradiation

Spectral blue shift (nm) (¡0.2) Absorbance decrease (¡0.02) Spectral blue shift (nm) (¡0.2) Absorbance decrease (¡0.02)

CTAB 5.20 0.042 1.60 0.040
TTAB 4.80 0.213 2.10 0.061
DTAB — 0.050 — 0.010
SL 3.10 0.174 2.50 0.060
SDS 6.80 0.239 2.70 0.027
SDBS 12.9 0.10 4.10 0.055
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1500 cm21 range have been assigned to C–H scissoring

vibrations of the –N–CH3 moiety and the bands at 1072 and

965 cm21 are due to C–N stretching.64,65 In SL, the –CLO

stretching peak appears at 1705 cm21 and the peak at 1426

cm21 has been assigned to a complex structure of the

carboxylate head group of the surfactant over the NP sur-

face.63,66 In SDS, the peaks at 1080 and 968 cm21 have been

assigned to S–O stretching vibrations and weakly bonded

sulfate.67 All these peaks, due to the head group moieties of

the surfactants, have either been shifted or completely

suppressed in the presence of CdS particles. The adsorption

of SDBS over the NPs surface has been evidenced by the

suppression and shift in the position of the peaks at 3057

cm21 (aromatic =C–H starching), 1468 cm21 and 1417 cm21

(aromatic C–C stretching vibrations. The peak at 1124 cm21

due to sulfonate adsorption has also been shifted.67 The above

FTIR analyses therefore indicate that the surfactants have been

adsorbed over the NPs surface through their head groups,

leaving the hydrocarbon chain free.

2.7. Zeta potential measurements

The zeta potential is a physical property of any particle in a

suspension.68 It is also an aid in predicting the long-term

stability of a suspension. The magnitude of the zeta potential

gives an indication of the potential stability of the colloidal

system. If all the particles in the suspension have a large

negative or positive zeta potential then they will tend to repel

each other and there will be no tendency for the particles to

come together. However, if the particles have low zeta

potential values then there will be no force to prevent the

particles coming together and flocculating. The general

dividing line between stable and unstable suspensions is

generally taken at either +30 or 230 mV. Particles with zeta

potentials more positive than +30 mV or more negative than

230 mV are normally considered stable. The stabilizing

tendencies of various surfactants towards CdS NPs in aqueous

media have been assessed by comparing the zeta potential

values. Fig. 7 presents the variation in the zeta potential of the

CdS NPs (0.7 mM) as a function of the surfactant concentra-

tions used for the stabilization of the NPs. The zeta potential

of aqueous CdS dispersions without any added surfactant has

been measured to be 216 ¡ 2 mV due to the presence of

excess S22 and HS2 ions near the surface, forming an

electrical double layer. However, the magnitude of the zeta

potential of the CdS NPs is given solely by the nature and

concentration of the surfactants. The zeta potential values

show a slow increase after a particular surfactant concentra-

tion characteristic for that surfactant. In SL and SDBS, the zeta

potential even starts decreasing after attaining a peak value.

These observations reveal that a definite amount of each

surfactant, depending upon their molecular structure, is

sufficient to stabilize the CdS NPs and that excess surfactant

is either not involved in the stabilization or even shows a

destabilizing effect. A larger deviation from the mean zeta

potential value at high surfactant concentrations probably

arises from the formation of free micelles by excess surfactant

after the NPs surface coverage is complete. For a given

surfactant concentration, the zeta potential values and hence

the stability of the NPs increases with the hydrocarbon chain

length of the cationic surfactants. The DTAB stabilized CdS

NPs have been found to be least stable at lower surfactant

concentrations and flocculate within 30 min of their forma-

tion.

However, the NPs are stable above 7 mM DTAB concentra-

tions, though not for a long time, and show a high standard

deviation in their zeta potential. The extra methylene groups

have possibly induced greater hydrophobicity to the cationic

surfactants, which provides a better capping ability and a

stronger liquid–solid interfacial adsorption.69 On the other

hand, the CdS NPs stabilized with anionic surfactants with

Fig. 7 Variation in the zeta potential (j) of the surfactant stabilized CdS NPs (0.7 mM) for various surfactants as a function of (a) the surfactant concentration (b) the

surfactant concentration normalized with respect to the corresponding cmc’s (critical micelle concentration) (with the 30 mV stability line indicated as dotted lines).
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similar C12 hydrocarbon chains have been shown to have good

long time stability even at lower concentrations, depending

upon their head group structures. This significant difference

in stabilization tendency suggests that in addition to the

increased hydrophobicity of the cationic surfactants, the

stronger interactions of the anionic head groups with the

NPs surface are also responsible in the NP stabilization

process. SDS has been able to stabilize the CdS NPs above

concentrations of 1.5 mM, whereas SL and SDBS stabilize the

NPs at still lower concentrations i.e. above 0.1 mM. The

approximate amount of surfactant required for the full surface

coverage of the NPs has also been estimated by assuming the

particles to be spherical. Since the head group area of the

surfactants used in the present study ranges between 0.32–0.65

nm2, the calculations (Appendix A) reveal that approximately

0.38–0.77 mM of surfactant has been directly involved in the

surface coverage of the CdS NPs. An excess of the surfactant is

needed to prevent the agglomeration of the NPs by keeping

them sufficiently apart. In spite of same head group areas of

CTAB, TTAB and DTAB, these surfactants display significantly

different stabilization tendencies, as assessed from the zeta

potential values. Therefore, the varying aggregation behavior

(in terms of cmc) can be held responsible for the varying

stabilization of the NPs, though their precise contribution can

not be evaluated since the cmc values have been greatly

influenced by the presence of inorganic ions.64

More precise information regarding the stabilization of the

CdS NPs has been deduced by comparing the zeta potential

values for the different surfactants in units of their cmc

(Fig. 7(b)). By analyzing the cationic and anionic surfactants

separately, one can observe that the data in each set look very

similar and fall on a master curve, where the point of zero

charge occurs in a symmetric fashion. This indicates that in

the present systems, the micelle formation of the pure

surfactants plays an important role but the zeta potentials

are moved into regimes of colloidal stability already for

concentrations in the range of 20–60% of the cmc.

Interestingly, the anionic surfactants, except SL, have effec-

tively lowered the zeta potential when compared to that raised

by the corresponding cationic surfactants. This has been

assigned to specific interactions of the head groups that are

apparently more pronounced for the anionic case compared to

the cationic one. The negative zeta potential of bare ZnS

suspensions in aqueous solution changes to positive and

negative in the presence of cationic and anionic surfactants,

respectively. On the basis of the transformations in the zeta

potential sign and FTIR analyses, a nearly bilayer surfactant

structure over the NP’s surface is believed to be the most

probable adsorption mode.

2.8. PL emission

The conjugation of semiconductor NPs with surfactants in

aqueous media is of particular significance as it allows one to

avoid the loss of PL intensity at the stage of ligand exchange

and transfer from organic to aqueous media. In semiconduc-

tor NPs, the PL is produced due to the recombination of the

charge carriers which are generated by light absorption. The

recombination can take place from various surface states. If

the defect sites are located at the surface of the colloidal NPs,

there is a chance for these sites to be influenced by the

stabilizing material. Therefore, the effect of different surfac-

tants in identical solvent environments on the PL emission

behavior of CdS NPs has been analyzed. Fig. 8 presents the

comparative PL emission spectra of aqueous suspensions of

CdS NPs in the presence of different surfactants. In order to

explain the PL emission of the CdS NPs, it is imperative to

understand the different relaxation pathways of the electron–

hole pair formed during the excitation. Because of the high

surface area of the NPs, non-radiative relaxation of trap states

competes with band edge emission (radiative recombination).

The defects in the crystal lattice, surface structure and

particle clustering constitute the main reasons for the

formation of temporary surface traps for non-radiative

recombination. Apart from band edge PL emission, which is

observed in quantum dots with an ideal surface structure, the

colloidal CdS NPs generally have a weak broad emission

ranging from 500 to 700 nm, attributed to the radiative

recombination of charge carriers immobilized in traps of

different energies.70 It is also important to mention here that

the observed emission is not the band edge emission but due

to the radiative recombination of charge carriers immobilized

in deep-trap states of different energies.61,71 The comparatively

minor band edge emission at 433 nm has been overshadowed

by the dominant surface-state emission. The position and the

intensity of the PL emissions reported in Table 5 are found to

be strongly surfactant dependent. A significant increase in the

intensity of the PL signal of the CdS NPs in the presence of all

the surfactants when compared to bulk CdS (without

surfactant) has been clearly observed. It is also noteworthy

that the emission peak is quite well defined in all the

surfactants except in DTAB and SDS, where featureless spectra

nearly identical to that of bulk CdS have been observed. The

instability of the CdS NPs in DTAB, leading to their

precipitation, is responsible for their negligible bulk-like PL

emission. The absence of an emission peak in bulk semi-

conductor material is due to coupling of the emitting states

Fig. 8 PL emission spectra of the CdS NPs (0.7 mM) stabilized with different

surfactants (3 mM).
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with lattice vibrations of the extended lattice and is due to a

number of dangling bonds which provide traps for nonradia-

tive recombination.72

Bol and Meijerink73 observed that a higher degree of

polymerization can lead to better surface coverage and can

reduce the number of dangling bonds on the surface of NPs,

thereby increasing the PL emission. The surfactants are

therefore believed to eliminate the surface traps caused by

dangling bonds and hence help in maintaining better PL

emission. Stabilization of the surface defects by the adsorbed

surfactants, in a similar manner to those reported in the case

of cystein and citrate ligands,34,35 can also be responsible for

the passivation of non-radiative defect sites.

The low PL emission in DTAB and SDS stabilized CdS NPs

indicates that nonradiative recombination of the charge

carriers is the dominant process due to weak adsorption of

these two surfactants. Since the PL emission intensity is still

greater than that of bare CdS, this indicates the elimination of

certain defects and the satisfying some dangling bonds. The

increased PL emission in all other samples has been found to

be related to the effective passivation of surface defects in

small particles that otherwise can act as traps for the excitons,

producing luminescence comparable to very few and/or

inaccessible traps in large crystals.74 Hull and coworkers75

suggested that the photogenerated electrons in the conduction

band are responsible for the PL in CdS NPs. The planar, defect-

free surfaces of ionic compound semiconductors do not have

surface states in the band gap.76,77 However, a surface S22

vacancy, and also presumably a Cd2+ edge atom, can provide

an electron trap. In an analogous fashion, a surface Cd2+

vacancy and/or a S22 edge atom could provide hole traps. The

distribution of electron-transfer is then determined by the

density of the trapped holes/electrons and not by the diameter

of the cluster. However, NPs with sizes grater than 10 nm (e.g.

in DTAB) do not have prominent PL emission due to the

absence of the quantum confinement effect of charge carriers.

The PL emission of CdS NPs is affected by the surface charge

state and it appears that the luminescence can be a probe of

their surface structure.78

Moreover, researchers have also reported79 that the adsorb-

ing lewis acids draw electrons from the semiconductor bulk to

surface states and quench the PL intensity, whereas adsorbing

lewis bases enhance the PL intensity. The cationic surfactants

(having an ammonium head group), acting as lewis acids

towards the NP surface, can stabilize the surface states of the

CdS semiconductor to different extents depending upon their

structure. CTAB adsorbed on the surface of CdTe NPs has been

shown80 to stabilize the electrons of electron–hole pairs and

decreases the radiative electron–hole recombination, resulting

in PL quenching. It has also been suggested that protonated

amino groups (i.e. an ammonium moiety) in the amino acids

could scavenge electrons from the electron–hole pairs formed

as a result of the excitation of CdS NPs and are therefore

responsible for quenching the fluorescence.81 Also, the surface

states of smaller particles can be easily stabilized due to a large

percentage of atoms on or near the surface as well as a higher

curvature and show less PL emission due to the more efficient

transfer of electrons to suitable species adsorbed on the

surfaces. On the other hand, it has been demonstrated by Fogg

et al.82 and Veinot et al.83 that the coordination of electron-

donating compounds, such as an amine and phosphine oxide,

significantly improves the PL performance of CdS NPs.

Therefore, the anionic surfactants are expected to produce

CdS NPs with a better PL emission when compared to cationic

surfactants. However, the PL emission of CdS NPs has been

found to be in agreement with these results only in one

anionic surfactant i.e. SL. On the contrary, very little PL

emission is observed for the CdS NPs stabilized in SDS and

SDBS. Such a prominent difference in the PL emission can not

be justified on the basis of the difference in their particle sizes.

It is believed that the nature of the functional group in the

surfactant head group and the strength of the surfactant–NPs

interactions have dominant roles in modifying the surface

states and hence the PL emission. Kepler et al.79 have

explained the steric factor dependent binding strength of

various carbonyl compounds on the surface of CdS(e) NPs as

the main contributing factor for PL quenching. They have

shown adduct formation to basic chalcogen sites on the CdS(e)

surfaces through the carbonyl carbon or oxygen of properly

oriented molecules. It is a well established fact that the

interactions of the adsorbed surfactants in aqueous media are

mainly governed by their increased hydrophobicity and the

nature of the head group. Therefore, it is suggested that the

bulky head groups in the SDS and SDBS surfactants could not

significantly affect the surface states of the CdS NPs due to

their weak interactions or orientation when compared to the

carboxylate head group of SL.

3. Experimental section

3.1. Materials

Cadmium acetate (Cd(OAc)2, 99%) and sodium sulfide

(Na2S?xH2O, 58% assay) were purchased from CDH, India.

CTAB (99%), tetredecyltrimethylammonium bromide (TTAB;

99%), dodecyltrimethylammonium bromide (DTAB; 99%),

sodium lauarte (SL; . 97%) and sodiumdodecylbenzene

sulfonate (SDBS; 99%) were purchased from Sigma Aldrich

and SDS (98%) was purchased from Merck. All the chemicals

were used as received without further purification. The water

used in the preparation of the solutions was double distilled.

Table S1 (ESI3) lists the cmc values of the surfactants

determined in the lab using the conductivity method. The

cmc values are in close agreement with the literature values.

Table 5 Various parameters of the surfactant stabilized CdS NPs deduced PL

emission spectra

[Surfactant] (3 mM) Position of PL emission
maxima (nm) (¡2 nm)

FWHM of PL emission
peaks (nm) (¡2 nm)

CTAB 526 118
TTAB 568 141
DTAB 572 —
SL 514 84
SDS 540 —
SDBS 538 180
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3.2. Synthesis of the surfactant stabilized CdS NPs

The synthesis of the CdS NPs was performed using the

chemical precipitation method29 keeping the Cd(OAc)2 : Na2S

molar ratio as 1 : 2 at room temperature. Briefly, a certain

volume of an aqueous Na2S solution was added to 10 ml of an

aqueous surfactant solution so as to make the final concen-

tration 1.4 mM. The solution was kept at room temperature for

half an hour for equilibration and then an aqueous Cd(OAc)2
solution was added into the above solution with gentle

shaking to obtain a final Cd2+ concentration of 0.7 mM. The

appearance of light yellow colorations indicates the formation

of CdS NPs.

3.3. Characterizations

The CdS NPs were characterized using a Hitachi (H-7500)

transmission electron microscope (TEM) operating at 100 kV.

The samples for the TEM studies were prepared by placing a

drop of the CdS NPs dispersed in an aqueous surfactant

solution onto a carbon coated Cu grid and the solvent was

evaporated at room temperature. A JEOL (JSM-6100) scanning

electron microscope (SEM) operating at 20 kV was used to

establish the surface morphology of the powdered samples.

XRD studies were carried out using a Panalytical, D/Max-2500

X-Ray Diffractometer equipped with Cu–Ka radiation (l =

1.5418 Au) and employing a scanning rate of 0.02u s21. The

FTIR spectra of the CdS NPs were recorded with a Perkin Elmer

RX-1 spectrophotometer in the 3200–900 cm21 frequency

range using NaCl plates. The samples were prepared by

making a thick paste of a washed and dried sample of the NPs

in CCl4.

The absorbance and PL spectra were recorded with a Jasco-

530 V spectrophotometer and a Perkin Elmer LS55 lumines-

cence spectrometer, respectively using a quartz cuvette with a

1 cm path length. The PL excitation wavelength was 320 nm.

For the time evolution absorption and PL measurements, the

particles were nucleated by quickly adding an aqueous

Cd(OAc)2 solution into the aqueous surfactant solution (3

mM) containing sodium sulfide. The resultant solution was

then immediately transferred into a quartz cuvette for the

absorption measurements. The mixing time was about 40–45 s

before starting the absorption spectral measurements. The

zeta potential of the NPs was determined from their electro-

phoretic mobilities according to Smoluchowski’s approxima-

tion using a Malvern Zetasizer NanoZS (Zen 3600) at 25 uC

using a folded capillary cell (DTS 1060).

The DLS experiments were performed using an ALV/CGS-3

Compact Goniometer System with a He–Ne laser (l = 632.8

nm) equipped with 2 Avalanche Photo Diodes (APD) for

pseudo cross-correlation. All the measurements were per-

formed at a scattering angle equal to 90u for the different NPs

suspensions. A sample cell was set in the toluene bath for

index matching with the quartz cell and the temperature was

maintained at 25 uC in the toluene bath. The data were

analysed with the program ALV-7004 version 3.0, which does

an inverse Laplace transformation using a constrained

regularization method and thereby yielding a relaxation

spectrum of the autocorrelation function.

4. Conclusions

Detailed investigations on the evolution of the optical proper-

ties of CdS NPs stabilized in different surfactants have

provided a better insight about the surfactant structure

dependence of the properties. All the cationic and anionic

surfactants, except DTAB, used as stabilizing agents have

proven to be ideal to obtain adequately stabilized CdS NPs in

aqueous media with a small size range. The surfactant head

group and hydrophobic chain length do affect the size as well

as the optical and PL emission properties in aqueous media.

Under identical conditions, the efficiency of the surfactants in

controlling the size and surface states of the CdS NPs have

been found to depend upon the surfactant adsorption and

thus CdS NPs with a smaller size have been stabilized by the

surfactants with the longest hydrocarbon chain due to

increased hydrophobicity. Zeta potential measurements reveal

that the intermediates surfactant concentrations, irrespective

of the cmc, are needed to stabilize the CdS NPs. When

extracted from aqueous solution, the NPs average the same

primary crystallite sizes irrespective of the nature of the

surfactants. The surfactants serve to modulate the emission

properties of the particles to different extents. Among the

cationic surfactants, CTAB is believed to be the most efficient

in stabilizing the surface of the CdS NPs with an excellent PL

emission. On the other hand, SL has been proven to passivate

the CdS NPs by blocking the non-radiative recombination

channels of the surface defect states. The exceptionally high

rate constant, k, for the growth of the CdS NPs in CTAC and

the reverse trend in the time dependent PL intensity profile

open new avenues to extend the study to other semiconductor

NPs in order to explore the origin of these changes.

Appendix A: Determination of the
surfactant required for the NPs surface
coverage

No. of surfactant molecules required to cover the surface of the

NPs = (total no. of NPs in the solution 6 the surface area of

one NP)/head group area of one surfactant molecule.

Surface area of one spherical NP = 4pr2

Total no. of NPs = total no. of CdS units/no. of CdS units in

one particle.

Total no. of CdS units = [Cd2+]6 NA; where NA is avogadro’s

number.

No. of CdS units in one particle = agglomeration number of

CdS NPs = 84.2 r3; here r is the radius of the NPs in nm.

Calculation of the agglomeration number

The agglomeration number can be calculated by using the

following equation [ref. 78]

n~
4pNar

3

3Vm

(i)

where Na is Avogadro’s number, r is the radius of the
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nanoparticle and Vm is the molar volume of CdS. The molar

volume (Vm) is defined as

Vm~
MCdS

r
(ii)

where MCdS is the Molar mass and r is the density of CdS.

Putting in the values of p, Na, MCdS and r = 4.82 g cm23, the

eqn (1) reduces to

n = 84.2 r3 (iii)

where r is the radius in nm.
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