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Abstract

To understand the effect of end-groups of thiol-molecules on the structural, absorption, and photoluminescence (PL) proper-
ties, CdTe quantum dots (QDs) were synthesized with the capping of thioglycolic acid (TGA), mercaptoethylamine (MEA),
L-cysteine (L-Cys) and glutathione (GSH) in aqueous medium. The growth kinetics of the nanocrystals with the variation
in the end-groups of thiols has also been spectroscopically investigated. The average sizes of the nanocrystals ranged from
2 to 5 nm, which is well within the quantum confinement regime. The size and phase purity of the QDs were determined
by XRD and HRTEM. With respect to size-distribution, the temporal evolution of QDs was found to involve three stages,
namely focusing, defocusing and equilibrium. Hydrodynamic sizes were also measured using DLS system. FTIR spectra
revealed that the thiol end of the capping agent binds to the particle—surface while the carboxyl or amine group remain free.
The multi-colour photoluminescence illustrated the excellent size-tunable optical properties of the QDs. Zeta-potential for
TGA-capped CdTe QDs was measured to be —45 mV, indicating high surface charge and hence greater colloidal stability.

Such QDs are well suited for bioimaging and therapeutic applications.
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1 Introduction

Quantum dots are widely and extensively researched because
of their novel properties that are reliably tuneable by vary-
ing the size of the nanoparticle [1-3]. Quantum dots are
popularly used in optoelectronic devices [4—6], and those
optoelectronic properties have been employed in biomedical
fields for imaging and sensing applications [7-9], alongside
novel applications like drug delivery and therapy [10, 11].
CdTe is a [I-VI semiconductor compound which can exhibit
luminescence through the entire visible spectrum, which is
important for optical applications in biosystems. To make
CdTe QDs water-soluble and compatible with biosystems,
thiol capped CdTe QDs have been prepared by aqueous syn-
thesis [12, 13], which also increased luminescent stability.
These have been used in novel biomedical applications [14]
due to the easily tuneable surface properties as a result of
different free functional groups of different thiols [15-17].
Murray et al. [12] and Talapin et al. [16] demonstrated
the size tunable properties of CdTe QDs, presenting nar-
row emission peaks over the entire visible spectrum with
variation in particle sizes. Talapin et al. [13] observed that
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capping the CdTe QDs with TOP improved the reaction
yield, but reduced the quantum yield of the samples; on the
other hand, Wuister et al. [17] observed increased quantum
efficiency of CdTe QDs when capped with inorganics. Yu
et al. investigated the effects of different capping ligands on
the structure and growth of CdTe QDs; Kim et al. synthe-
sised CdTe@CdSe QDs exhibiting increasing red-shift in
emission peak with increasing core and shell radii, and Tsay
et al. synthesised CdTe@ZnS QDs exhibiting high-intensity
narrow emission; Gaponik et al. demonstrated the useful
near-IR emission of CdTe QDs; Boldt et al. investigated
CdTe QDs in different in different buffers for biolabeling
applications, and Zhang et al. investigated the time-depend-
ent emission properties of CdTe QDs in different environ-
ments; Gaponik et al. and Zebli et al. separately investigated
the labelling of capsules with luminescent CdTe QDs and
magnetic nanoparticles for improved targeting and tracing of
pathways; these results are summarised in the review articles
[1,7,9,11, 14].

Despite the large amount of published research on CdTe
QDs and their nanocomposites, there are hardly any report
that rigorously investigates the variation of end-groups of
thiol capping agents with respect to the optical absorption
and photoluminescence of CdTe QDs. These end-groups,
such as -COOH in thioglycolic acid (TGA) and —-NH, in
mercaptoethylamine (MEA) likely moderate the growth pro-
cess of QDs to different extent which is not yet fully under-
stood. It is also not known how the simultaneous presence of
two end-groups, -NH, and -COOH as happens in L-cysteine
(L-Cys) or Glutathione (GSH) would affect the nucleation
and growth kinetics which in turn could affect the surface
of QDs and its photoluminescence properties. To design an
efficient bioimaging probe, it is imperative that the temporal
evolution of the PL properties with these capping agents
at different reflux time is thoroughly investigated. To that
effect, in the present work, we have synthesised biocompat-
ible and water-soluble CdTe QDs using the different thiols,
TGA, MEA, L-Cys and GSH and investigated the optical
response of the same as a function of the increasing reflux
time. We have analysed the FTIR spectra of the samples
to obtain the change in bonds as a result of thiol capping.
We have analysed the optical absorption spectra at varying
intervals of reflux time to observe the variation in absorp-
tion peak, energy band gap, particle size and distribution,
and concentration with increasing reflux time; to illustrate
the usefulness of the synthesised thiol capped CdTe QDs for
biological imaging applications, we have studied variation
in the photoluminescent emission spectra with increasing
reflux time. Zetapotential investigation was used to obtain
the surface charge of the synthesised CdTe QDs as a result
of the different thiols used for capping; DLS investigation
was used to obtain the hydrodynamic diameter of the syn-
thesised thiol capped CdTe QDs. The authors of the present
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work plan to use the results of the study as a foundation
for future antimicrobial activity testing or investigation into
other novel biological applications of the synthesised thiol
capped CdTe QDs.

2 Experimental
2.1 Preparation of NaHTe solution

Analytical grade Telluric acid [HsTeO¢] was obtained from
MERCK and used as obtained. A measured amount was
dissolved in a minimum amount of deionized water, and
the solution was heated with sodium borohydride and con-
tinuous flow of nitrogen (N,) gas. The colour of the solu-
tion changed from black (Te) to purple (Tezz_) to colour-
less (Te?"). The colourless solution was wrapped tightly
with paraffin and cooled overnight. Once the white sodium
tetraborate has precipitated, the obtained supernatant liquid
is the desired NaHTe.

2.2 Synthesis of thiol capped CdTe quantum dots

Cadmium nitrate tetrahydrate [Cd(NO;),"4H,0], Thiogly-
colic acid [TGA, C,H,0,S], Cysteamine [MEA, C,H;NS],
L-cysteine [L-Cys, C;H,NO,S], and Glutathione [GSH,
C,0H7N304S] were obtained from Sigma-Aldrich at the
highest purity available and were used as obtained. Solutions
of measured amounts of Cd** source and thiol were made;
pH was maintained between 11.2 and 11.8 for TGA, L-Cys
and GSH, and between 5.6 and 6.0 for MEA. The solution
was placed in a three-necked flask and deaerated using N,
gas bubbling for 30 min. During the flow of N, and simulta-
neous stirring, appropriate amount of prepared supernatant
NaHTe was injected into the solution, until the final molar
ratio of Cd>*:thiol:Te? in the solution was 1:2.5:0.5. The
solution was then refluxed for different total times; 9.5 h for
TGA capped CdTe quantum dots (CdTe @TGA QDs), 7.5 h
for MEA capped CdTe quantum dots (CdTe @MEA QDs),
4.5 h for L-Cys capped CdTe (CdTe@L-Cys QDs), 2.5 h for
GSH capped CdTe (CdTe@GSH QDs). At different time
intervals, 1 mL of aliquot was taken from the solutions and
used for optical characterisations.

2.3 Characterisations

X-ray diffraction (XRD) was performed on Rigaku Ultima
IV X-Ray Diffractometer (Cu Ka radiation, 1.54056 A)
operated at 40 kV and 40 mA with a scanning rate of
0.02°/s. High Resolution Transmission Electron Micros-
copy (HRTEM) was performed on JEOL JEM-2100F
with an accelerating voltage of 200 kV, which also gave
us the selected area electron diffraction (SAED) pattern.
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Fourier-transform infrared (FTIR) spectroscopy was per-
formed on Shimadzu IRPrestige-21 spectrometer. UV—vis-
ible absorption spectroscopy was performed on PerkinElmer
LAMBDA 750 in the range 400-700 nm. Photoluminescent
emission spectroscopy was performed on Shimadzu RF-5301
PC Spectro fluorophotometer in the range 450-750 nm with
an excitation wavelength of 390 nm. Malvern Panalytical
Zetasizer Nano ZS was used to perform zetapotential and
dynamic light scattering (DLS) measurements.

3 Results and discussion
3.1 XRD analysis

Figure 1 shows the XRD plot of the synthesised TGA-
capped CdTe QDs refluxed for 15 min. The characteristic
peaks observed are (111), (220) and (311), which matches
the bulk cubic CdTe PDF No. 75-2086, confirming the
required phase of the synthesised seed cubic CdTe mate-
rial. PDF No. 75-2086 exhibits the cubic CdTe characteristic
high-intensity Bragg diffraction peaks of (111), (220) and
(311) at 26 values of 24.027°, 39.741° and 46.977°, respec-
tively. In comparison, the peak intensities of the same Bragg
diffractions in the XRD result of our synthesised CdTe@
TGA QDs occurred at slightly higher 20 values of 24.367°,
40.879° and 47.82°, and exhibit large broadening as a result
of small size of crystallite grains, among instrumental and
strain broadening effects. Highest intensity (111) peak was
analysed to obtain various structural parameters of the syn-
thesised CdTe QDs. We have calculated the lower limit of

—— CdTe@TGA ODs
(refuxed for 15ming)
e CiTe PDF Mo, T5-2086

(111}

Intensity (a.u.)

20 {degree)

Fig.1 XRD plot of the synthesised CdTe@TGA QDs refluxed for
15 min

average crystallite size (D) by applying the Scherrer formula,
given as follows:

_ ka
f X cosf’

where, k is the sphericity factor, taken as 0.9 for nearly
spherical particles, A is the wavelength of the incoming
X-ray radiation (=0.154056 nm for Cu Ka radiation), and
p is the FWHM of the characteristic peak centered at Bragg
angle 26. The lower limit of the crystallite size is calculated
as 2.4 nm, which can correspond to a particle diameter (2r)
of about 3.2 nm from the relation 2r = %D. Interplanar spac-
ing (dy;;) and lattice constant (a) were calculated using the
relations,

A
d, = ——
= 2ing

For the characteristic (111) peak of our synthesised
CdTe@TGA QDs, the calculations yielded interplanar spac-
ing d;;;=3.65 A and lattice constant a;;=6.32 A, which
is slightly smaller than the lattice constant of 6.41 A in the
cubic CdTe PDF No. 75-2086. The contraction of lattice
constant and slight shift of Bragg diffraction peaks with
respect to the bulk cubic CdTe PDF No. 75-2086 can be
understood as a result of the strong size confinement of our
synthesised CdTe@TGA QDs. Broadening of peaks and
variation of lattice constant can also occur due to strain on
the lattice. Microstructural parameters of microstrain (¢) and
dislocation density (6) were calculated using the following
relations:

£ = b
4tané

1
T p?
For the characteristic (111) peak of our synthesised

CdTe@TGA QDs, the calculations yielded micro strain
£=0.069 and dislocation density §=17.721 x 10' lines/m>

3.2 HRTEM and SAED

Figure 2a shows the HRTEM micrograph of the synthe-
sised CdTe@TGA QDs refluxed for 15 min. Average size
of the CdTe@TGA QDs as obtained from the micrograph
was 3 nm. This is in close agreement with the particle size
obtained in the previous section, where the lower limit of
average crystallite size calculated using the Scherrer equa-
tion underestimates the particle size due to instrumental
and strain broadening. Inset in Fig. 2a shows the clearly
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Fig.2 a HRTEM micrograph and b SAED pattern of the synthesised
CdTe@TGA QDs refluxed for 15 min

discernible lattice fringes, indicating the good crystallin-
ity of the CdTe@TGA QDs, with an interplanar spacing
of~3.7 A, also in close agreement with the interplanar spac-
ing obtained in the previous section. Figure 2b shows the
SAED pattern of the synthesised CdTe @ TGA QDs refluxed
for 15 min. Bright rings corresponding to the reflection from
the (111), (220) and (311) planes of the cubic CdTe phase
can be clearly observed.

3.3 FTIR spectroscopy

Figure 3a—-d shows the FTIR spectra of the synthesised
CdTe@TGA, CdTe@MEA, CdTe@L-Cys and CdTe@GSH
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QDs compared to the FTIR spectra of the thiol used for cap-
ping, respectively.

In Fig. 3a, FTIR spectra of TGA exhibits -SH stretching
vibration at 2603 cm™!, which is absent in the FTIR spec-
tra of the CdTe@TGA QDs. This is understood as being
caused by the cleavage of the thiol H-SR bond and simul-
taneous formation of the Cd-SR bond. At about 1585 cm™!
and 1396 cm™! are peaks corresponding to the asymmet-
ric and symmetric stretching vibrations of -COO™, pre-
sent in high intensity for the FTIR spectra of both TGA
and CdTe@TGA QDs, which indicates that the TGA end
group —COO™ remains free in the CdTe @ TGA QDs. Peaks
at about 2910 cm™! correspond to the symmetric stretching
of CH,, and the peaks at about 1221 cm™! correspond to the
wagging vibration of CH, [18].

In Fig. 3b, FTIR spectra of MEA exhibits -SH stretching
vibration at 2493 cm™', which is absent in the FTIR spectra
of the CdTe@MEA QDs, attributed to the cleavage of the
H-SR bond and simultaneous formation of the Cd-SR bond.
High intensity peak at about 1581 cm™' corresponds to N-H
vibrations, present in the FTIR spectra of both MEA and
CdTe@MEA QDs, indicating that the MEA end group N-H
remains free in the CdTe @ MEA QDs. Peaks between 1400
and 1000 cm™" are attributed to different CH, vibrations
[19, 20].

In Fig. 3c, FTIR spectra of L-Cys exhibits —SH stretching
vibration at 2563 cm™!, whose absence in the FTIR spectra
of the CdTe@L-Cys QDs is attributed to the cleavage of
the H-SR bond and simultaneous formation of the Cd-SR
bond. Peaks at about 1579 cm™! and 1392 cm™! corre-
spond to the asymmetric and symmetric stretching vibra-
tions of -COQO7, and its presence in the FTIR spectra of
both L-Cys and CdTe@L-Cys QDs indicates the L-Cys end
group —COO™ remains free in the CdTe @L-Cys QDs. Peaks
between 1350 and 1000 cm™" are attributed to different CH,
vibrations [21-23].

In Fig. 3d, FTIR spectra of GSH exhibits —SH stretching
vibration at 2603 cm™!, whose absence in the FTIR spectra
of the CdTe@GSH QDs is attributed to the cleavage of the
H-SR bond and simultaneous formation of the Cd—SR bond.
Peak at about 1595 cm™! corresponds to the N-H vibra-
tion and its presence in the FTIR spectra of both GSH and
CdTe@GSH indicates the GSH amide end group remains
free in the CdTe@GSH QDs. Peaks at about 1390 cm™!
and 1042 cm™! correspond to the C—S and C-N stretching,
respectively [24, 25].

3.4 UV-visible absorption spectroscopy

Figure 4a—d shows the UV-visible absorption spectra of
the synthesised CdTe@TGA, CdTe@MEA, CdTe@L-Cys
QDs and CdTe@GSH QDs, respectively, at different times
of reflux. All QDs exhibit blue shift of the absorption peak
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Fig.3 FTIR spectra of a thioglycolic acid (TGA) and CdTe @ TGA QDs, b mercaptoethyl amine (MEA) and CdTe @MEA QDs, ¢ L-Cysteine (L-

Cys) and CdTe@1-Cys QDs, and d glutathione (GSH) and CdTe@GSH

with respect to bulk CdTe (~800 nm), indicating strong size
confinement of the thiol-capped CdTe QDs. As reflux time
is increased, a corresponding gradual shift in the absorption
peak to longer wavelengths is observed for all QDs, indicating
a trend of increasing particle size with reflux time. 1st deriva-
tive of the UV-visible absorption v/s energy plot was fitted
with a Gaussian peak, and the peak position obtained is the
energy band gap of the QD sample (E,""). Table 1 shows the
variation in obtained E,"" of the synthesised thiol capped
CdTe QDs with different reflux times. Absorption edge (4,)
was calculated from E,"" using the following equation:

/l_hc

a Egano ’

where h and ¢ are the Planck’s constant and the speed of
light in vacuum, respectively. Table 2 shows the variation
in calculated 4, of the synthesised thiol capped CdTe QDs
with different reflux times. E,""" larger than the energy band
gap of bulk CdTe (Egb“1k= 1.44 eV) confirms the strong size
confinement of the thiol capped CdTe QDs. Tight binding
approximation model was used to calculate the size of the
nanoparticle (d) using the following equation:

AE, = a; X e P+ a, x e,

where AE, = E;a“o - Eg“lk; a,=5.71,a,=1.33, b;=8.45
and b, =43.73 for CdTe [26, 27]. Table 3 shows the variation
in calculated particle size with reflux time for the thiol
capped CdTe QDs. General trend of increasing particle size
with increasing reflux time suggests the growth of the
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Fig.4 UV-visible absorption spectra of a CdTe@TGA QDs, b CdTe@MEA QDs, ¢ CdTe@L-Cys QDs, and d CdTe@GSH QDs at different

reflux times

Table1 Variation in the energy  pNERGY BAND — Reflux time (minutes)

30 45 60 90 150 270 390 510

band gap obtained 'fror.n the GAP (E,"™, V)

peak of the 1st derivative of g

UV-visible absorption v/s QD sample 10 15

energy plot of the synthesised

thiol capped CdTe QDs with CdTe@TGA 226 217

different reflux times CdTe@MEA 2.34 225
CdTe@L-Cys 2.28 223
CdTe@GSH 2.29 221

2.17 2.15 212 207 2.05 202 2 1.99
222 22 216 2.1 2.09 207 206 -
2.18 2,14 210  2.07 2.04 198 - -
2.17 2.13 2.05 1.98 1.94 - - -

nanoparticles are governed by Ostwald ripening. Larger par-
ticles exhibit energetically favourable stability as compared
to smaller particles, therefore, as the solution is heated, slow
diffusion of materials from smaller nanoparticles to the
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surface of the larger nanoparticles takes place, thus increas-
ing the particle size continuously during growth [28].

Figure 5 shows the variation in calculated particle

size with reflux time for the thiol-capped CdTe QDs.
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Table2 Variation in the ABSORPTION  Reflux time (minutes)

absorption peak calculated PEAK (4, nm)

from the energy band gap of the v

QDs with different reflux times 41, oG A 548 571 571 576 584 599 604 613 620 623
CdTe@MEA 529 551 558 563 574 590 593 599 601 -
CdTe@L-Cys 543 556 568 579 590 599 607 626 - -
CdTe@GSH 541 561 571 582 604 626 639 - - -

T.able 3 Variation in particle Particle size (d, nm) Reflux time (minutes)

size calculated from the energy

band gap of the synthesised QD sample 10 15 30 45 60 90 150 270 390 510

thiol capped CdTe QDs with

different reflux times CdTe@TGA 3 33 33 34 35 3.7 3.8 4 4.1 4.1
CdTe@MEA 2.8 3 3.1 32 33 35 3.6 3.7 38 -
CdTe@L-Cys 2.9 3.1 33 34 35 3.7 3.9 4.2 - -
CdTe@GSH 29 32 33 35 38 4.2 4.3 - - -
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Fig.5 Particle size v/s reflux time of the thiol-capped CdTe QDs

Synthesis time required to attain a predetermined particle
size increases considerably upon replacing TGA with MEA
in the synthesis process; to attain a particle size of 3.7 nm,
the solution containing CdTe @TGA QDs was refluxed for
90 min, while the solution containing CdTe@ MEA QDs
was refluxed for 270 min. When both end groups are simul-
taneously present, like in the CdTe @L-Cys QDs, the reflux
time to attain a particle size greater than 4 nm is consider-
ably smaller than the reflux time required for both CdTe @
TGA and CdTe@MEA QDs. Replacing L-Cys with GSH
in the synthesis process even more drastically brings down
the time to attain a predetermined particle size; the CdTe@
GSH QDs attained a particle size of greater than 4 nm in just
90 min and a particle size of 4.5 nm in 150 min. Figure 6a—d
shows the variation of the particle size and concentration of
the synthesised CdTe @ TGA, CdTe@MEA, CdTe@L-Cys
QDs and CdTe@GSH QDs, respectively, with increasing

reflux time. Correlation between the particle diameter and
the extinction coefficient [29] was employed to obtain the
concentrations at different reflux times using the absorbance
values at A,. Primary analysis of the plots reveal that with
increasing particle size and reflux time the concentration of
quantum dots decays exponentially, suggesting a good sepa-
ration between the nucleation and growth processes for the
thiol-capped CdTe QDs [3, 30], i.e., monomer units gener-
ated in the initial supersaturation phase are instantly used for
the formation of nucleation centers, and subsequent growth
of the larger nanoparticles takes place at the expense of
smaller nanoparticles, thereby decreasing the concentration.

Figure 7a—d shows the variation of particle size and A4
of the synthesised CdTe@TGA, CdTe@MEA, CdTe@1-Cys
and CdTe@GSH QDs, respectively, with increasing reflux
time. AA = A, — Ay 1-€., the difference between the onset
of absorption and the absorption edge is a measure of the
particle size distribution similar to FWHM; larger A/ sug-
gests a larger size distribution and vice versa [3, 31, 32].
Three regimes of growth have been identified in all the
plots: (i) focussing, (ii) defocussing, and (iii) equilibrium.
Initially, smaller agglomerates in the solution grow faster as
compared to the larger nanoparticles, leading to a reduction,
or focussing of the particle size distribution. As more time
passes, Ostwald ripening processes dominate and nanopar-
ticle growth is facilitated by the decrease in size of smaller
agglomerates and increase in size of larger agglomerates,
leading to the increase in particle size distribution during
the defocussing stage. Eventually, the smallest agglomer-
ates dissolve completely into the larger agglomerates, and
further nanoparticle growth takes place at an ‘equilibrium’
size distribution.

Figure 8 shows the variation in growth rate (dr/df) with
1/r (where r is the particle radius) for the thiol-capped

@ Springer



944 Page 8 of 13

S.Tomar et al.

CdATed@TGA = Particke Size | _
od ¥ Concerraton) | =
L 4 o r
40 — =
c b 1 =
L]
[ri) 0
rH 15 o
3 . &
= [
EE S0} m bl L lﬁl
L J v =
o
.| . . - |
a 10 200 3 400 500
Reflux Time (mind
{a)
45 Edi'- E"._ = -F'r-lhﬂ '.5
L= * Particle Sire —
B@ - ¥ v Concantrabon 143
L] [
E.I.ﬂ .'"._ b E
L L B il
i a6 v -\H 10
[} ¥ LY
[ . -, 5
| = - '\.H ua__l
) - -
4 a0 J — %
—— E-
DBy
-J.| - ,
] 100 0 300
Reflux Time {min}

{c)

Fig. 6 a Particle size and concentration v/s reflux time of the CdTe@
TGA QDs. b Particle size and concentration v/s reflux time of the
CdTe@MEA QDs. ¢ Particle size and concentration v/s reflux time

CdTe QDs; for all four different thiol-capped CdTe QDs the
growth rate showed a steady decline with increasing parti-
cle size. Regression analysis revealed a linear relationship
between dr/dt and 1/r, which obeys the particle growth rate
equation developed by Sugimoto [33] under pure diffusion
control condition (later modified by Talapin et al. [34] for
particle growth under various control conditions) given as
follows:

dr _
dt

DVm(l - é){[M]bulk - C(n},

,
where D is the diffusion coefficient of the monomer, V,, is
the molar volume of the solid, ¢ is the diffusion layer thick-
ness, and the term {[M], ,;, — C(r)}is assumed to be constant
for the given conditions, where [M],, is the monomer con-
centration in the bulk of the solution and C(r) is the solu-
bility of a particle with radius=r. As reported before [35],
initial growth rate in the presence of L-Cys is greater than
the initial growth rate in the presence of MEA, attributed to
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of the CdTe@L-Cys QDs. d Particle size and concentration v/s reflux
time of the CdTe @GSH QDs

the greater surface tension at the nanoparticle—solvent inter-
face for the CdTe QDs synthesised in the presence of L-Cys,
as compared to the CdTe QDs synthesised in the presence
of MEA. Similarly, CdTe QDs synthesised in the presence
of TGA show the highest initial growth rate, attributed to
the greatest electrostatic repulsion amongst the negatively
charged (ionised carboxyl group) TGA molecules.

3.5 Photoluminescent emission spectroscopy

Figure 9a—d shows the photoluminescence spectra of the
synthesised CdTe@TGA, CdTe@MEA, CdTe@1-Cys and
CdTe@GSH QDs, respectively, at different times of reflux;
all the samples exhibit strong single peak emission with nar-
row widths, especially at lower reflux times. As reflux time
is increased, a corresponding gradual shift in the emission
peak to longer wavelengths is observed for all QDs, indi-
cating a trend of increasing particle size with reflux time.
Table 4 shows the variation in the emission peak with reflux
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time for the thiol capped CdTe QDs. At 10 min of reflux
time, the CdTe @TGA, CdTe@1-Cys and CdTe @GSH QDs
exhibit green—yellow emission (~557 nm); CdTe @ TGA

QDs are the first to start emitting strongly in the yellow col-
our region (573 nm) at just 15 min of reflux time. At 10 min
of reflux time, CdTe@MEA QDs exhibit a greener emis-
sion (536 nm) than the rest of the synthesised samples, and
by 150 min of reflux time the CdTe@MEA QDs exhibit a
yellow-orange emission (593 nm). At the end of appropriate
amount of reflux time, the CdTe@TGA, CdTe@1-Cys and
CdTe@GSH QDs are emitting strongly in the red colour
region (~638 nm).

The full-width at half-maximum (FWHM) of an emission
intensity peak qualitatively illustrates the size distribution
of the particles in the sample under analysis; larger FWHM
suggest a larger size distribution and vice versa. In the PLE
spectra of the CdTe@L-Cys QDs refluxed for 150 min and
270 min, it is possible to deconvolute the emission peak
into two (or more) Gaussian peaks, as illustrated in the inset
of Fig. 9c, to further try to understand the contributions of
emission from different sized particles in the sample. At
150 min, the contributions from the two deconvoluted peaks,
representing the emission from two different sized particles,

@ Springer
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ent reflux times

Table 4 Variation in the
emission peak of the

Emission peak (nm)

Reflux time (minutes)

synthesised thiol capped CdTe QD Sample 10 15 30 45 60 90 150 270 390 510
QDs with different reflux times
CdTe@TGA 568 573 575 580 592 596 606 608 612 627
CdTe@MEA 536 556 560 570 588 590 593 - - -
CdTe@L-Cys 553 562 572 583 590 602 640° 645 - -
CdTe@GSH 552 567 577 583 601 641* 642* - - -

to the total PLE of the sample is nearly equal. Compara-
tively, in the CdTe@L-Cys QD refluxed for 270 min, the
contribution of the deconvoluted peak at higher wavelength
is larger, i.e., the intensity of emission by the larger sized
particles is greater than that of the smaller sized particles,

@ Springer

4Given values are the photoluminescent emissions at longer wavelength of the two peaks deconvoluted
from the PLE spectra of the thiol capped QD at that reflux time

indicating the shift of the particle size distribution to higher
sizes with increasing reflux times. Similarly, inset of Fig. 9d
shows the deconvolution of the PLE spectra of the CdTe @
GSH QDs refluxed for 90 min and 150 min. As before, with
increasing reflux time, the emission intensity contribution
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of the larger sized particles increases, indicating the shift
of particle size distribution to higher sizes with increasing
reflux times.

3.6 Zetapotential

A layer of surface charges forms around a particle dis-
persed in an aqueous medium, and the potential at the
boundary of the layer (slipping plane) is called the zeta-
potential. Among other factors, it plays a role in mediating
interparticle interactions [36]. Table 5 shows the zetapo-
tential of the thiol capped CdTe QDs at a pH of 9. CdTe @
TGA QDs have a negative surface charge due to the pres-
ence of —COO™ group, while CdTe@MEA QDs have a
positive surface charge due to the presence of protonated
amino group (-NH;*). CdTe@L-Cys and CdTe@GSH
QDs carry a similar negative surface charge of —33 mV
and — 31 mV, respectively, less than the CdTe @TGA QDs
which has the highest absolute zetapotential value of all
the samples (—45 mV). Highest absolute zetapotential
value of the CdTe@TGA QDs indicate that the TGA cap-
ping on the CdTe QDs has greatly increased their colloidal
stability in comparison to capping with other thiols; this

Table 5 Zetapotential of the

. . QD sample Zetapotential
synthesised thiol capped CdTe (mV) at pH 9
QDs at a pH of 9

CdTe@TGA —45

CdTe@MEA 0.5
CdTe@L-Cys -33
CdTe@GSH -31

\ d =695 nm
L]
|I . | - |

Soee dimim

frebsei Sansdy

Lik)

is evident by the higher initial growth rate of the CdTe @
TGA QDs. Capping with L-Cys or GSH lends moderate
colloidal stability to the CdTe QDs, while capping with
MEA induces a higher tendency of coagulation in the
CdTe QDs at pH 9. However, CdTe@ MEA QDs exhibit a
positive zetapotential (+0.5 mV), which indicates useful-
ness for applications in biological fields, as most proteins
have a positive or neutral surface charge.

3.7 DLS measurements

DLS measurements help us obtain the hydrodynamic diame-
ter of the sample. Figure 10a and b show the size distribution
histograms obtained from DLS measurements for CdTe @
TGA and CdTe@L-Cys QDs, respectively, after 15 min of
reflux time. The average hydrodynamic diameter for both the
samples is around 6.8 nm, with a particle size distribution
ranging from 5 to 10 nm. For the same reflux time, parti-
cle size calculated by the tight binding approximation was
3.4 nm for both samples. Since the light scattering fluctua-
tions measured in the DLS technique depends also on the
surface structure of the surface bound thiols, overall size
obtained from the DLS technique is larger than that obtained
from calculations done on the UV-visible absorption spec-
tra, which corresponds to the energy band gap of the core
CdTe. However, CdTe QDs capped with L-Cys, which is
a larger polymer than TGA, exhibit smaller hydrodynamic
diameter and wider size distribution than the CdTe @ TGA
QDs, for the same reflux time. This can be understood as a
consequence of the higher initial growth rate of the CdTe @
TGA QDs, as observed in the previous section.

.

e T Ty
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d_=6.71nm
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Fig. 10 Size distribution histogram in terms of hydrodynamic diameter for a CdTe@TGA QDs and b for CdTe @L-Cys QDs refluxed for 15 min
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4 Conclusions

In the present work CdTe QDs were synthesised with dif-
ferent thiol capping of TGA, MEA, L-Cys and GSH using
prepared NaHTe solution. XRD pattern of the synthesised
thiol-capped QDs confirmed the cubic CdTe phase of the
synthesized material, further supported by the HRTEM
micrograph and SAED pattern. FTIR spectra of the thi-
ols exhibit the -SH stretching vibration peak at an average
of 2553 ¢cm™!, which is absent in the FTIR spectra of the
synthesised CdTe@TGA, CdTe@MEA, CdTe@r-Cys and
CdTe@GSH QDs, attributed to the cleavage of the H-SR
bond and simultaneous formation of the Cd-SR bond.
UV-visible absorption spectra of the thiol-capped CdTe
QDs exhibited blue shift in absorption peak as compared
to that of bulk CdTe, indicating strong size confinement
in the synthesised QDs. Gradual shift of the absorption
peaks towards longer wavelengths is observed with increas-
ing reflux time of all the thiol capped CdTe QDs. Energy
band gap values were obtained from the absorption spectra,
and used with the Tight Binding approximation to obtain
change in particle size with reflux time; growth in the size
of particle continued with an increasing reflux time, before
reaching a plateau. To attain a predetermined size of nano-
particle, CdTe@GSH QDs took the least reflux time, fol-
lowed closely by CdTe @L-Cys and then CdTe @ TGA QDs,
while the reflux time for CdTe@MEA QDs to attain the
predetermined nanoparticle size was considerably larger.
Concentration was obtained from the correlation between
extinction coefficient, particle diameter and absorbance;
concentration of the thiol-capped CdTe QDs was found to
decay exponentially with increasing reflux time and par-
ticle size. Change in particle size distribution with reflux
time was obtained using the difference between the onset of
absorption and the absorption edge; three distinct regimes
(focussing, defocussing and equilibrium) of nanoparticle
growth were observed. PLE spectra of the thiol capped CdTe
QDs exhibited strong single peak emissions with narrow
widths from green to orange range with increasing reflux
times. At pH 9, CdTe@TGA QDs exhibited a more nega-
tive zetapotential than CdTe @L-Cys and CdTe @GSH QDs,
indicating higher colloidal stability, while CdTe@ MEA QDs
exhibited a small positive zetapotential, useful for biological
applications. Hydrodynamic diameter of the CdTe @ TGA
and CdTe@L-Cys was larger than the particle size obtained
from the Tight Binding approximation, which is a result of
the optical response of the core QD material.
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