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The present letter reports the thermo-optical properties of functionalized CdSe/CdS magic-sized quantum
dots (MSQDs) (sizes 1.9-2.3 nm) with carboxyl (R-COOH) or hydroxyl (R-OH) groups in aqueous solu-
tions. Atomic force microscopy and infrared transmittance measurements were used to determine the
size of the QDs and to highlight the functionalized groups. Absolute nonradiative quantum efficiency

(¢) and radiative quantum efficiency (#) values were determined by applying two techniques: thermal
lens (TL) and an alternative method that analyzes the ring patterns generated in a laser beam due to ther-
mally induced self-phase-modulation effects known as the conical diffraction. Fluorescence measure-
ments corroborate the TL results.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured semiconductors, or quantum dots (QDs), and
bio-conjugated QDs are developing materials that hold potential
for a variety of new applications, including uses as efficient
biodiagnostic probes for the treatment of diseases, bioimaging,
biosensors, biomarkers, drug delivery and engineered tissues
[1-4]. Surface passivation and functionalization of QDs are impor-
tant methods that can improve their nanomaterial properties [5].
Recently, a new class of CdSe QDs known as magic-sized quantum
dots (MSQDs), with have sizes from 1 to 2 nm and well-defined
structures, has attracted considerable attention because of the
dots’ novel physical properties [6,7]. The most attractive features
are high stability during and after growth [8], closed-shell struc-
tures [6], strong quantum confinement similar to atoms due to
the presence of cells with few units [9], and thermodynamically
stable structures [10,11]. Moreover, these MSQDs exhibit a high
surface-to-volume ratio, which means that most of the atoms are
located at the surface. For this reason, passivating ligands contrib-
ute a significant portion of the total number of atoms in MSQDs,
and the dispersing medium can therefore dramatically affect their
properties [12]. The ability to synthesize stable QDs via colloidal
aqueous solutions is extremely important because it prevents the
need to change the dispersion media, which thereby preserves
the surface properties of the MSQDs. For medical and biotechno-
logical applications, water-soluble QDs are needed [13,14], and
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appropriate functionalizations will define specific applications
[15-18].

Several applications of functionalized QDs are in biomarkers
and bioimaging [12,3,15-17]. In these fields, an accurate determi-
nation of the fluorescence quantum efficiency (#) is important. The
present letter reports the thermo-optical properties of CdSe/CdS
core-shell MSQDs in aqueous solutions by applying two tech-
niques: the well-known thermal lens (TL) technique [19,20] and
an alternative method that analyzes of the ring patterns generated
in a laser beam due to thermally induced self-phase-modulation
(TSPM) effects. The latter method is known as the conical diffrac-
tion (CD) technique [21,22]. Absolute nonradiative quantum effi-
ciency or fraction thermal load (¢) and radiative quantum
efficiency (#) values were determined applying TL and CD tech-
niques. The studies were performed for CdSe/CdS core-shell
MSQDs functionalized with carboxyl (R—COOH) or hydroxyl
(R—OH) groups. The thermo-optical properties of the MSQDs sam-
ples, such as thermal diffusivity (D), ¢ and #, were determined. The
results obtained for MSQDs were compared with CdSe/ZnS
core-shell QDs that were non-functionalized or functionalized
with carboxyl groups.

2. Theory

In TL experiments, the sample is exposed to an excitation laser
beam with a cAussiaN intensity profile. A fraction of the absorbed
energy is converted into heat, which generates a radial tempera-
ture profile AT(r, t). As a result of this local temperature increase,
a lens-like optical element is created in the heated region. The
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presence of such a thermal lens can be detected by its effect on the
propagation of a probing beam passing through the sample in the
far-field. The temporal evolution of the on-axis probe beam inten-
sity I(t) can be calculated using integral theory in the cw excitation
regime in the form [19]

2
0 2mV
I(t)=1(0)|1==tan! :
ot >[ 5 tan ([(1+2m>2+vz]7c/2t+1+2m+v2>} W

where m = (wp/we)z, wp and w, are, respectively, the probe and exci-
tation beam radii at the sample; V =z,/zo where z; is the distance
between the sample and probe beam waist and zy is the probe
beam’s Rayleigh range; and I(0) is the on-axis intensity when t, or
0, is zero. 7. = W,2/4D is the characteristic heat diffusion time where
D = k/pC is the thermal diffusivity (cm?/s), k is the thermal conduc-
tivity (W/cm K), p is the density (g/cm?) and C is the specific heat (J/
gK). In the dual beam (excitation and probe beams) setup with a
mode-mismatched configuration, the transient signal amplitude,
0, is approximately the phase difference between the probe beam
at r=0 and r = v2 w, induced by the pump beam and is given by
[18,23]

o PeAabs dn
1o ar) @

In this case, Peaps = PetlLesr, Where P, (W) is the excitation laser
power, a(cm™!) is the optical absorption coefficient at the excita-
tion wavelength (/), Lerr = (1—e~*1)/ot is the effective length, L(cm)
is the sample thickness, and dn/dT is the refractive index tempera-
ture coefficient. The fraction of the absorbed energy converted into
heat (or the absolute nonradiative quantum efficiency) is given by
[20]

0=1-ns )

where /. is the excitation wavelength and (/) is the average emis-
sion wavelength.

An analysis of the ring patterns generated in a laser beam due to
thermally induced self-phase-modulation (TSPM) effects (known
as the conical diffraction (CD) technique) was applied as a simple
alternative method [21,22]. SPM effects can be understood from
the ability of the excitation beam to induce spatial variations of
the refractive index, which leads to a phase shift that depends on
the transverse distance from the beam axis. This transverse
self-phase modulation [21,22,24,25] is also implicated in the emer-
gence of rings in the pattern of transmitted light when the phase
change due to the nonlinearity A¢y. >> 27. The number of rings
N=A¢n /27 [25,26] in the case where the nonlinearity is a
thermally induced phase change (A¢ty), i.e. AdnL = Adry, can be
determined as a function of P, by using the expression [27,28]

_ @aLyy dn
= 2k, T @

The interference among rays with the same wavevector that
constitute the laser beam comes out parallel with different phases
after traversing the nonlinear medium. The interference will be
constructive or destructive in the plane of the observation if
A¢Pni(r1) — Agpni(r2) = pmt, where p is an even or odd integer, this
is the origin of the diffraction rings [24,25].

3. Experimental
3.1. Quantum dot synthesis

Sample of CdSe/CdS core-shell MSQDs functionalized with
hydroxyl (-OH) groups (QD;, Table 1) were grown in aqueous

Table 1

Nomenclature for core-shell QDs samples studied in aqueous solutions.
Sample  QDs Functionalization group Size (nm) (Aem) (Nm)
QD, CdSe/CdS Hydroxyl 19 (580 10)
QD, CdSe/CdS Carboxyl 2.0 (584 +6)
QDs CdSe/ CdS  Carboxyl 23 (601 £9)
QD4 CdSe/ZnS Non-functionalized [18] 4.0 (608 £ 3)
QDs CdSe/znS  Carboxyl [18] 2.5[18] 516 [18]

solutions at ambient temperature. The precursors were 2 mmol
of cadmium perchlorate hexahydrate (Cd(ClO4),-6H,0 - 99.999%)
and 4 mmol of 1-thioglycerol (>97%). Samples of CdSe/CdS core-
shell MSQDs functionalized with carboxyl (-COOH) group were
grown in aqueous solutions at ambient temperature. The precur-
sors used in preparing sample QD, (Table 1) were 2 mmol of cad-
mium perchlorate hexahydrate (Cd(ClO4),-6H,0 - 99.999%) and
4 mmol of mercaptoacetic acid (>98%). For sample QD3 (Table 1),
3 mmol of cadmium perchlorate hexahydrate (Cd(ClO4)-6H,0 -
99.999%) and 4 mmol of mercaptoacetic acid (>98%) were used.
All reagents were purchased from Sigma-Aldrich. For CdSe/CdS
MSQDs samples, the concentration was 3.7 nmol/mL, and the for-
mation of CdSe/CdS core-shell MSQDs was based on a synthesis
process [7]. In addition, solutions of non-functionalized CdSe/ZnS
core-shell QDs suspended in aqueous solution (QD4) and
CdSe/ZnS core-shell QDs functionalized with carboxyl groups
(QDs) were obtained from Evident Technology at concentrations
of 10 and 12 nmol/mL, respectively.

3.2. Spectroscopic characterization

The infrared (IR) spectra of the samples were recorded at room
temperature on a Fourier transform infrared (FTIR) spectropho-
tometer (IR Prestige-21, Shimadzu) in the transmission module
with a resolution of 4cm™!. Atomic force microscopy (AFM)
images of the nanocrystalline samples were recorded at room tem-
perature with a scanning probe microscope (SPM-9600, Shima-
dzu). Fluorescence spectra were recorded with a Cary Eclipse
spectrophotometer (Varian) using a cuvette with 10 mm optical
length.

3.3. Thermal-optical characterization

The thermo-optic properties of QDs in aqueous solutions were
investigated by TL and CD techniques. TL transient measurements
were performed using the mode-mismatched dual-beam
(excitation and probe) configuration. A He-Ne laser (4, = 632.8 nm)
was used as the probe beam and an Ar* laser (/. =457 nm) was
used as the excitation beam. The absorption of the relatively in-
tense excitation beam generates the TL heat profile and the in-
duced phase shift, which is proportional to 6. From the other
side, the weak probe beam counter-propagates nearly collinearly
with the excitation beam and is used to measure 0. Applying the
CD technique, typical ring patterns in the far-field were observed
when the sample was positioned at the focus of the Ar* laser beam
(4e =457 nm). Details of the TL and CD experimental setup can be
found elsewhere [21-23].

4. Results and discussion

The sizes and size dispersions of CdSe/CdS MSQDs were
determined by examining three-dimensional AFM images and
their corresponding histograms [29,30]. The average sizes of the
CdSe/CdS MSQDs obtained by AFM measurements (Figure 1) are
presented in Table 1. Figure 2 shows the FTIR spectra for QDq,
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Figure 1. Room temperature AFM images and height distributions of the CdSe/CdS
MSQDs samples: (a) QD+, (b) QD and (c) QD3 (Table 1).

QD, and QD3 samples (Table 1), which compare CdSe/CdS MSQDs
to bulk CdS inserted in KBr pellet. The FTIR spectrum of CdS bulk
presents the bandwidth with peak at 3440 cm™!, which is associ-
ated with water absorption due to KBr is a hygroscopic material.

water adsorbed
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Figure 2. Room temperature FTIR spectra of CdSe/CdS MSQDs samples: (a) QDy, (b)
QD,, (c) QD5 and CdS bulk.

For QD;, QD, and QD3 samples a broadband in the region at 3000-
3700 cm ! is also presented in the FTIR spectra, but the peak shifts
to ~3380 cm ™! due to overlapping the band of water absorbed and
the characteristic OH functional group that remains intact on the
surface of QDs [31]. The peaks at 867 and 2600 cm ™! correspond,
respectively, to the bending and stretching modes of S-H bonding
[32], and the peak at 2850cm™! represents CH,-S bonding
[33,34]. The spectra of the QD, and QD3 samples showed peaks at
1555, 1390 and 1713-1602 cm™!, which are associated with anti-
symmetric vC=0, asymmetric vCOO~ and symmetric vCOO~ vibra-
tions, respectively [35]. These peaks confirmed that the QD, and
QD3 samples are functionalized with carboxylic acid groups. Spectra
from the MSQDs showed that the peak at 2600 cm™! representing
stretching modes of S-H bonding disappears. This result confirms
that a covalent bond formed between the S (of thiol) and the Cd*?
ions on the CdSe MSQDs surface, and these molecules act as a shell
of CdS. Furthermore, based on the spectrum of bulk CdS, the spectra
of all samples showed bands at approximately 619 and 1622 cm™!
(marked by squares) that reinforce the concept that a CdS shell
has formed around the CdSe MSQDs.

Figure 3 shows typical TL transient signals for the CdSe/CdS
core-shell MSQDs suspended in aqueous solutions functionalized
with hydroxyl (QD;) groups (Table 1). The behavior of the curve
in Figure 3 indicates that dn/dT is negative, i.e., the created TL ef-
fect creates a defocusing of the probe beam in the far-field. By fit-
ting the experimental data of Figure 3 by Eq. (1), 6 and 7. were
obtained. Using the expression D = w,?/4t. and the measured value
of w,, the thermal diffusivity was determined for the QDs, and the
D values are presented in Table 2. The average values of D obtained
for the core-shell quantum dots are in good agreement with the
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Figure 3. TL transient signal for CdSe/CdS MSQDs (QD,) suspended in aqueous
solution (/. =457 nm and P, =4.58 mW, Table 1). The values obtained from the
curve fitting were 0 = (0.1669 + 0.0008) rad and 7. =(3.58 + 0.05) ms.

Table 2

D, ¢ and 7 results obtained for QDs solutions by applying TL and CD techniques.
Sample D @ n'

(1073 cm?[s)

QD, (1.50 £ 0.04) (0.60 £ 0.08) (0.51+0.07)
QD, (1.5+0.1) (0.62 £0.05) (0.49 £ 0.04)
QD5 (1.5+0.1) (0.67 £0.06) (0.43 £0.04)
QD4 (1.54+£0.09) (0.58 +0.09)"" (0.56 +0.09)""
QDs (1.41 £0.06) [18] (0.44 £0.05) [18] (0.56 +0.06) [18]

" Average value applying TL and CD techniques.
" Average for samples with several concentration (¢ =1-4 cm™!).

published values for water solvents: D = (1.42 + 0.02) x 1072 cm?/s
[36-38]. The QDs do not significantly influence the parameters of
thermal diffusivity at the concentrations analyzed in this letter.
From 60, the normalized thermal parameters of the MSQDs,
® = 0/Pe 1ps, was determined. Using Eq. (2) and plugging the values
of k and dn/dT for water [36,38], a value of ¢ =0.56 was deter-
mined by TL results for QD; (Table 1).

Figure 4 presents the ring numbers as a function of excitation
power for the QDs in aqueous solutions. By applying Eq. (4) and
using the slope results for linear fitting, the values of ¢ (dn/dT)
were determined. A standard sample of ink in water whose
thermal properties are well-known was used to test the calibration
of our optical system. Using the dn/dT for water [36,38] the values
of ¢ were determined. For CdSe/CdS MSQDs functionalized with
carboxyl groups (QD,, Table 1), the ¢ value obtained using the
CD technique was 0.64. In addition, ¢ = 0.60 was determined for
QD, from the TL results. The average values for absolute nonradia-
tive quantum efficiency obtained by applying the TL and CD
techniques are presented in Table 2.

Number of Rings
N w BN [6)]
G
1

N
T

0 L L
000 007 014 021 028 035
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Figure 4. Number of rings (N) as a function of excitation power (P.) for QDs
suspended in aqueous solutions (4. = 457 nm, Table 1): (a) QD1, (b) QD5, (c) QD4 and
(d) ink in water (/. = 488 nm). The linear trend was obtained by fitting the equation
N = A* P, where the obtained A values are: (a) (9.0 £0.3) W', (b) (10.6 £ 0.6) W',
(c)(18.6 +0.4) W' and (d) (24.4 £0.7) W~ .
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Figure 5. Normalized fluorescence spectra for (a) QDy, (b) QD and (c) QD5 samples
(Table 1, /. =457 nm and 10-mm quartz cuvette).

Emission spectra for QDs suspended in aqueous solutions were
measured (Figure 5), and the values obtained for (/) are pre-
sented at Table 1. The values of emission bands for nanocrystals
are dependent upon the concentration and the matrix in which
the QDs are embedded [39]. For example, CdSe/ZnS core-shell par-
ticles suspended in solvents of chloroform and toluene have (Zen)
values of 584 and 596 nm, respectively [39]. Using ¢ and (/.p) re-
sults (Tables 1 and 2), the average values of 1 were determined
using Eq. (3), and the values are presented in Table 2 for QDs sam-
ples. In addition, radiative quantum efficiency values are presented
for CdSe/ZnS particles that were non-functionalized and function-
alized with carboxyl groups in aqueous solutions (Table 2). High
quantum efficiencies were obtained for CdSe/CdS MSQDs function-
alized with hydroxyl or carboxyl groups that were synthesized by
applying the route used in this letter [7], the values were compared
with the results obtained for others commercial core-shell QDs. As
a comparison, quantum yield values were reported as 0.4-0.6 for
CdSe QDs (sizes between 2.8 and 5.0 nm), 0.55 for CdSe/ZnSe/ZnS
QDs [40] and up to 0.70 for CdTe/CdS MSQDs in aqueous colloidal
solution [41]. In addition, new routes for core-shell MSQDs synthe-
ses are in development to improve the radiative quantum effi-
ciency of these materials.

5. Conclusions

Absolute nonradiative quantum efficiency (¢) values of func-
tionalized CdSe/CdS core-shell MSQDs suspended in aqueous solu-
tions were obtained using the thermal lens (TL) technique. The
measurements were performed for two different functional
groups: hydroxyl and carboxyl. Values of ¢ were obtained by mea-
suring conical diffraction (CD) effects as a simple alternative meth-
od, and the results correlate with the TL results. High # values were
obtained for the CdSe/CdS MSQDs of 1.9-2.3 nm in size in aqueous
solution.
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