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The two-photon absorption of water soluble CdS tetrapods, stabilized with a racemic mixture of chiral
ligands, was measured using two techniques: open-aperture Z-scan and two-photon excited emission.
The investigated CdS tetrapods showed two-photon absorption in the wavelength range 575-875 nm,
with the maximum value of 7900 GM at 625 nm. Thanks to the high luminescence quantum yield, and
relatively strong two-photon absorption, the CdS tetrapods showed intense two-photon excited emission
upon near-infrared excitation with two-photon excitation action cross-section equal to 3200 GM and
420 GM at 650 nm and 700 nm, respectively. An evident blue shift of the two-photon absorption
maxima with respect to the one-photon spectra at the wavelengths multiplied by two was observed,
and discussed based on the reported theoretical calculation for CdS quantum dots with tetrahedral
symmetry. Since CdS tetrapod arms show low electron and hole densities, they do not contribute
significantly to the values of the two-photon absorption cross-section. The performed investigation of
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the optical properties of these water soluble colloidal nanoparticles indicates their potential applications
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Introduction

The ligand or shape induced chirality occurring in inorganic
nanostructures has recently become a new emerging field in
materials science and nanophotonics.™? The optical activity, in
e.g. metallic nanostructures of semiconducting quantum dots
(QDs), can be induced by (i) chiral crystal structure dislocations
spontaneously occurring during the growth process,** (ii) shape
directed synthesis"® or (iii) post-synthetic surface treatment.®
In particular, II-VI type semiconducting QDs functionalized
with chiral molecules, e.g. cysteine,®® penicillamine®** or
glutathione,”*™* have gained increasing attention due to the
possibility of size-tuning of their chiro-optical activity. Organic
ligands used for QD surface functionalization induced chiral
distortion of surface atoms,'®”'® and thus the appearance of
additional circular dichroism (CD) bands in the wavelength
ranges associated with QD electronic levels. Most commonly
used chiral ligands contain sulfur atoms with high affinity for
the cadmium element of CdSe, CdS or CdTe QDs, which further
facilitates the post-synthetic ligand exchange processes. After
surface functionalization with chiral molecules the QDs can be
transferred to a non-toxic water environment, which allows
for their application in bio-imaging® or chiral drug molecular
recognition.” S. Tamang et al.'” reported detailed optimization
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of aqueous phase transfer of various types of QDs with the
use of cysteine molecules, after which the QDs preserved high
quantum yield (QY) and prolonged colloidal stability. In another
approach, chiral surface stabilizers could be used directly during
the synthesis process, as growth controlling factors, which was
shown for CdS tetrapods.'®' Such an approach allows omission
of the surface functionalization step, which usually causes
unwanted material loss, and additionally enables a significant
reduction of the reaction temperature from above 300 °C down
to 100-150 °C. CdSe and CdS semiconducting QDs are also known
as good bio-imaging markers because of their optical and chemical
stability, resistance to photobleaching, as well as strong two-
photon absorption (TPA) and intense two-photon excited emis-
sion (TPEE).>**! The use of near-infrared two-photon excitation
decreases the autofluorescence background signal and increases
image resolution. Martynenko et al® recently showed the
enantioselective cellular uptake of r- and p-cysteine function-
alized CdSe/ZnS core/shell QDs, while Li et al.'® showed chirality
dependent cytotoxicity and cellular metabolism of 1- and
p-glutathione capped CdTe QDs. Thus the combination of decreased
toxicity, chiral selectivity and large TPA can open new perspec-
tives for surface engineered semiconducting QDs applications.
An important issue for finding the optimum excitation condi-
tions for the two-photon excited emission of such systems is a
detailed investigation of the wavelength dependence of TPA
cross-sections (o,) and TPEE intensity in chiral QDs. While in
the case of chiral functionalized, spherical QDs neither the
position of the TPA maximum nor the o, values should differ
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significantly from those measured for the QDs with a similar
radius,”®** the situation is rather more ambiguous for tetrapod-
like shaped CdS QDs. Due to the symmetry breaking or change in
the oscillator strength of certain two-photon allowed transitions,
the position of TPA maxima can be shifted with respect to exciton
one-photon absorption (as plotted against the wavelength simply
multiplied by two), additionally the reduced symmetry in quantum
confined systems is known to increase the density of states and
thus increase the TPA cross-section values.”®

Here, two different femtosecond laser-based techniques,
ie. open-aperture (OA) Z-scan®**> and comparison of TPEE
emission intensity of CdS tetrapods with that of fluorescein
dye,*® were used to determine the wavelength dependence of
g, values for water soluble CdS tetrapods synthesized in the
presence of a racemic mixture of penicillamine molecules. The
obtained results were further confronted with the corresponding
data measured previously for spherical CdS QDs,”” and discussed
in view of the possible application of CdS tetrapods as markers in
nonlinear bio-imaging.

Experimental

The CdS tetrapods were synthesized based on protocols
described previously,'®'® with the use of a racemic mixture of
L- and p-penicillamine molecules as a stabilizing agent. The
deliberate choice of such a ligand composition, allowed the
treatment of the synthesized CdS tetrapods as, to some extent, a
reference sample. Changing between left- and right-handed
enantiomers of penicillamine used as stabilizing ligands for
the synthesis of CdS tetrapods should neither significantly
influence their morphology nor their linear optical properties,
i.e. the position of the absorption and emission maxima, lifetime
or quantum yield."®" Due to the chosen ligands, the reaction
could be performed in a nontoxic water environment at a
relatively low temperature. Briefly, 10 ml of 0.01 M water solution
(pH ~ 11 stabilized with 2 M NaOH) of penicillamine (50: 50
mixture of 1- and p-enantiomer) was mixed in a three neck flask
with 8 ml of CdCl, solution (0.01 M) and 2 ml of thioacetamide
(0.01 M), followed by the addition of 40 ml of distilled water.
The reaction mixture was heated to 130 °C under reflux, with
magnetic stirring, and maintained under those conditions
for 2 h, followed by aging in the dark at room temperature
overnight. Next, the rotary evaporator (BUCHI) was used to
reduce the volume of the obtained yellow CdS tetrapod solution
to ~2 ml. The sample was purified by centrifugation (2 min,
1800 rpm) and additionally by passing through 30 kDa centri-
fuge filters (10 min, 1800 rpm). The morphology of the obtained
CdS tetrapods was investigated using a FEI Tecnai G> 20 X-TWIN
transmission electron microscope (TEM). The absorption and
emission spectra of dilute CdS tetrapod water solution were
measured using a JASCO V670 and a Shimadzu HITACHI
UV-3600 spectrometers, respectively. The luminescence lifetime
(r) was measured using a time-correlated single-photon counting
(TCSPC) self-constructed setup based on Becker&Hickl hardware,
consisting of a data acquisition module (SPC-130-EM) and a
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hybrid PMT detector (HPM-100-06) mounted onto a Priceton
Instruments spectrograph (Acton SpectraPro-2300i) under excitation
with a 375 nm picosecond laser diode (BDL-375-SMC). The
dedicated Becker&Hickl SPCImage software was used for the t
value calculation. An FLS 980 spectrophotometer (Edinburgh
Instruments), with a dedicated integrating sphere and FLS
software, was used to determine the QY of the investigated
CdS tetrapod sample. As a reference the cuvette field with water
was used to extract the unwanted contribution of light scatter-
ing. Finally, two independent techniques, i.e. open aperture (OA)
Z-scan®® and two-photon excited emission (TPEE),”® were used
for the determination of wavelength dependence of o, values,
both using a laser system consisting of a Quantronix Integra-C
Ti:sapphire regenerative amplifier, which produces ~130 fs,
800 nm pulses with 1 kHz repetition rate, and 1 mJ energy per
pulse, and a Quantronix Palitra-FS optical parametric amplifier
allowing for wavelength tuning between 530 and 2000 nm. An
OceanOptics USB2000 fiber spectrophotometer was used for
acquiring the two-photon excited spectra of CdS tetrapods and
a reference fluorescein solution. The detailed description of both
experimental setups can be found in previous papers.”**®

Results and discussion

Investigated CdS tetrapods were water soluble directly after
synthesis, and no post-synthetic surface treatment was necessary
for transferring those nanoparticles to a nontoxic environment,
which further facilitates their application as optical markers in
bio-imaging. Fig. 1a and b show TEM images of synthesized
CdS tetrapods, and a high resolution inset in Fig. 1b presents
lattice fringes, which proves high crystallinity of the synthesized
materials. Based on the TEM images, and measuring the sizes of
over 100 particles (see Fig. 1c for size distribution histograms)
the length and width of CdS tetrapod arms were calculated to
be 13.65 + 0.27 nm and 4.86 + 0.14 nm, respectively. Due to
the large difference between the central core size and the arm’s
length one could expect the efficient quantum confinement
inside the tetrahedron-like CdS core. In fact, theoretical calcula-
tions for similar CdSe*® and CdTe*® tetrapods have shown the
localization of the lowest electronic states inside the central
tetrahedron, while the first hole state slightly enters the arms of
the tetrapod. The wave function of the lowest twenty electron
and hole states, which govern the optical properties of tetrapod-
like shaped semiconducting nanoparticles, was also found to be
strongly confined to a small central-core region.*' The dimensions
of CdS tetrapods, and the density of bulk CdS (4.83 g cm™?), were
used to estimate the molecular weight (MW) of a single particle.
The volume of a single CdS tetrapod was calculated as a sum of
the volume of the tetrahedron core and four pyramid arms. The
inset in Fig. 1d shows the 3D model of the CdS tetrapod structure.
Based on the above assumptions the MW of a single CdS tetrapod
was calculated to be equal to 577 600 g mol . Fig. 1d presents
the absorption and emission spectra of dilute water solution of
CdS tetrapods, which showed similar optical features to those
previously reported for such nanostructures.'®'® The lowest
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Fig. 1 TEM images of the synthesized CdS tetrapods (a and b), the inset in
(b) shows a high-resolution image with clearly visible lattice fringes, with
arm'’s length and width size distribution histograms (c) calculated based on
measuring the sizes of over 100 particles. Absorption (solid line) and
normalized emission (dashed) spectra under 375 nm excitation (d). Inset
in (d) shows a CdS tetrapod structure model. A fluorescence decay curve,
together with double exponential fitting, of CdS tetrapods measured with a
time correlated single photon counting technique upon 375 nm pico-
second laser diode excitation (e).

exciton absorption peak was situated at approximately 375 nm,
and under 375 nm excitation the CdS tetrapods showed broad
band emission between 400 nm and 700 nm with maximum at
~500 nm. The significant broadening of the emission band,
when compared to spherical CdS QDs,?”** can arise in general
from two reasons: (i) large contribution of the defects or
trapped states on the surface of nanoparticles, or (ii) due to
the distribution of the particle sizes in the solution,'" and the
distinction between those two can be made based on QY and
emission kinetic measurements. The luminescence lifetime of
CdS tetrapod emission showed a double exponential character,
and the values of the long and short components of lumines-
cence lifetime were calculated, after deconvolution of the
instrument response function (IRF), to be t; = 29.75 £+ 0.61 ns
and 1, = 0.947 £ 0.010 ns, respectively (Fig. 1e). While the
QY of the investigated CdS tetrapods was determined to be at
the level of ~60%. The observed short luminescence lifetime,
with a simultaneous high QY value, suggests the near band
edge character of the observed emission rather than the defect
related one, which would in fact decrease the QY value and
increase the decay time. The synthesis of CdS based quantum
confined nanostructures is a much slower process, taking
hours rather than seconds or minutes, when compared to
e.g. synthesis of CdSe QDs.”>** The slow reaction kinetics
assures higher quality of the obtained nanomaterials with a
large number of radiative surface-states and low nonradiative
surface quenching defects.*® The high QY and short t also
suggest that the observed emission band broadening is likely
due to the CdS tetrapod size distribution, which can be in fact
seen in the TEM images and size distribution histograms
(Fig. 1a and c). The observed intense emission, with a relatively
high QY, of the synthesized CdS tetrapods is a very desirable
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feature for optical staining agents. The main drawback relates,
however, to the necessity of using blue or ultraviolet light
excitation, but that could be overcome by two-photon, near-
infrared excitation.

The two-photon absorption cross-section values of the investi-
gated CdS tetrapods were first calculated based on the comparison
of the TPEE intensity of the commercially available fluorescein dye
(3.4 x 107° mol em™* in 0.1 M NaOH, QY = 91%) with that of
the CdS tetrapods dispersed in water (3.9 x 10~° mol cm )
using the below equation, and the o, ry,. values for fluorescein
measured by Makarov et al.:*

F2, CdSTetra. CFluo.QYFluo.
F2,F1uo. CCdS Tetra. QYCdS Tetra.

02,CdSTetra. = 02 Fluo.

where F is the fluorescence intensity and C is the sample
concentration. A similar technique was previously used for the
determination of o, values of InP@ZnS core@shell QDs of different
sizes.”® As in that case, to assure the two-photon character of the
observed CdS tetrapods emission upon near-infrared excitation,
measurements of power dependence of emission integral intensi-
ties under 750 nm excitation were performed. Fig. 2a shows the
CdS tetrapod emission spectra measured upon changing the laser
excitation power (from 100 mW up to 300 mW average power),
and Fig. 2b presents the corresponding double logarithmic plot
of the integral emission intensities vs. incident beam power. The
linear fitting of the data points resulted in the slope value equal
to 2.11, which proves the two-photon character of the observed
process. Using the TPEE technique it was possible to measure
the o, values in the range of 700-900 nm (Fig. 2c black circles),
above 875 nm no fluorescence emission from the CdS tetrapods
was detected, while shorter wavelength excitation would inter-
fere with the collection of the fluorescence signal.

The second method used for the determination of g, values
was the OA Z-scan technique introduced by Sheik-Bahae et al.>®
A concentrated CdS tetrapod (116.2 x 10~° mol cm*) water
solution was placed in a 1 mm glass cuvette, and its transmittance
was recorded as the sample traveled along a focused femtosecond
laser beam. For the determination of the incident light intensity,
and for assuring that no contributions of cuvette cells and
solvent to the OA signal existed, the measurements were first
performed for a fused silica plate (4.6 mm thick) and for the
cuvette filled with water alone, respectively. The OA Z-scan
measurements were performed for the wavelengths from
575 nm to 850 nm; however, above 725 nm no distinguishable
dips in the OA raw Z-scan traces were detected. It needs to be
remarked that, since Z-scan measurements detect changes in the
transmittance that may be relatively small, they are much more
susceptible than the TPEE technique to the noise resulting from
laser intensity fluctuations.

The comparison of the g, values calculated based on the
fluorescence (black circles) and Z-scan methods (red squares) is
presented in Fig. 2c, together with the linear absorption spectra
plotted against the doubled wavelength (grey area). The maximum
values of TPA were observed in the short wavelength range
from 575 nm to 675 nm, peaking at 625 nm with ¢, = 7900 GM
(1 GM = 10"°° ecm* s~ photon ™). For the wavelengths above

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TPEE spectra of CdS tetrapods measured for various laser powers (a),
together with a double logarithmic plot of the emission integral intensity vs.
750 nm femtosecond laser power fitted with the linear function with the
slope equal to 2.11 (b). Wavelength dispersion of TPA cross-section, o, taken
per individual CdS tetrapod, measured by TPEE (black circles) and Z-scan
(red squares) techniques (c), with comparison to one-photon absorption
spectra plotted against wavelength multiplied by two (grey area). The lines in
the g, plots were added just as the guide to the eye.

725 nm the Z-scan measurements did not detect evident TPA
signals; however, the upconverted green emission from CdS
tetrapods was still visible when the sample passed through the
focal plane of the lens. This characteristic emission could be in
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fact observed upon excitation with laser wavelengths up to
900 nm, and based on TPEE measurements the g, values for
longer wavelengths were calculated to reach 600 GM at 700 nm.
Considering the maximum value of ¢, obtained from Z-scan at
625 nm, the molecular weight (6,/MW) and volume (o,/V) scaled
TPA cross-section values are equal to 0.014 (in GM mol g~ ') and
39 (in GM nm ™%, respectively.

Based on the analysis of the g, values of wavelength disper-
sion (Fig. 2c) two important features could be noticed: (i) firstly,
the maximum of TPA cross-section appears to be significantly
blue shifted (~125 nm, ~0.33 eV) with respect to the first exciton
peak in the one-photon absorption spectra multiplied by two
(Fig. 2c grey area) and also with respect to the TPA maxima
measured previously for spherical CdS QDs;*”** (ii) secondly, the
peak o, values as well as the scaled parameter values (6,/MW
and 0,/V) are not noticeably enhanced with respect to the
corresponding ones measured using the same experimental
setup for spherical CdS QDs,*” as well as with those reported in
the literature (Table 1). Table 1 provides the o, values reported
in the literature together with molecular weight and nano-
particle volume scaled parameters measured for spherical
CdS QDs, as well as for elongated CdS quantum rods (QRs). It
should be noticed that the investigated CdS tetrapods show
no axial or spherical symmetry; additionally, their size can be
considered large when compared to the exciton Bohr radius for
CdS materials (5.8 nm).>***” The anisotropic shape of CdS or
CdSe QRs is known to greatly enhance the TPA strength (for
values and references see Table 1) due to the reduced symmetry
and increased density of states (DOS) by anisotropy splitting of
degenerate energy levels in cylindrical nanomaterials.?*** Allione
et al.*® experimentally and theoretically (k-p model calculations)
investigated the nonlinear properties of CdSe/CdS dot-in-rod
heterostructures, with an even lower degree of symmetry than
QRs. Those authors also observed an enhancement of 2PA cross-
section for QRs when compared to QDs, with a simultaneous
blue shift (85 nm) of the TPA maxima relative to the one-photon
transitions.*® However, no evidence for the selection rule
violations due to symmetry breaking was found. Shifting of
the TPA maxima towards higher energy was concluded to be a
consequence of different selection rules for one- and two-photon

Table1 Comparison of values of the 2PA cross-section (o), molecular weight (a,/MW) and nanoparticle volume (a,/V) scaled parameters measured for

CdS QDs and QRs using different techniques

Aexe. o, 0,/ MW a,/V

CdS sample (size) [nm] [GM=10"°cm®s " photon™'] [GMmolg '] [GMnm *] Technique Ref.

QDs (4.45 nm) 800 4000 0.030 86 Z-scan 40

QDs (4.7 nm) 800 5300 0.034 98 Z-scan 40

QDs (5.3 nm) 800 8400 0.037 108 Z-scan 40

QDs (4.1 nm) 800 7900 0.075 219 Z-scan 41

QDs (5 nm) 750 7200 0.038 110 Z-scan 27

QDs (4.5 nm) 800 12 000 0.087 252 Z-scan 42

QDs in polymeric film (2 nm) 800 7000 0.58 1671 Optical Kerr effect 43

QRs (4 x 35 nm) 800 190 000 0.12 339 Z-scan 42

QRs (4 x 43 nm) 800 209000 0.11 304 Z-scan 40

QDs (4.5 nm) 800 16 000 0.12 335 TPEE 35

QRs (5 x 40 nm) 800 260000 0.090 260 TPEE 35
Tetrapods (5 x 14 nm) 625 7900 0.014 39 Z-scan This work
Tetrapods (5 x 14 nm) 700 600 0.001 3.02 TPEE This work

This journal is © The Royal Society of Chemistry 2017
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transitions, and of the reduced oscillator strength of low-energy
two-photon transition in CdSe/CdS dot-in-rod heterostructures.*®
The interpretation of the TPA spectral dispersion and strength
measured for CdS tetrapods (Fig. 2¢) can be to some extent based
on the theoretical calculations reported by V. A. Fonoberov et al.,*
and the calculations of individual electron + hole and exciton states
in semiconducting type II-VI tetrapod-shaped nanocrystals.**>"
The former* investigated the exciton states and optical transition
in colloidal CdS QDs with spherical and tetrahedral shapes. The
authors have shown that the electron and hole densities near the
edges and vertices of tetrahedra are extremely small, and that it is
the core of the QD that mainly contributes to the observed optical
transitions. The calculations performed for quantum dots with
ideal tetrahedral symmetry reviled the strong confinement of the
lowest exciton into the small central spherical-core region of
tetrapods.®® Additionally, it was found that in the case of CdS
tetrapods the lowest excitons have optically inactive 7, symmetry.
However, due to the small energy difference between these lowest
T, excitons and the lowest one photon optically-active A; excitons
the room-temperature thermal energy mixes the population of
these two exciton states, and luminescence from the A, exciton
level must be observed.* As the CdS tetrapods show a similar
symmetry to tetrahedral QDs, the reduced DOS can be expected at
the particle arms, which together with theoretically shown confine-
ment of excitons inside the core region suggests that mainly the
cores of CdS tetrapods contribute to the TPA strength. This is likely
to be the case since the peak ¢, value for CdS tetrapods is close to
those measured for 4-5 nm spherical CdS QDs (Table 1). The
elongated arms of the CdS tetrapods increase the MW and the
volume of the particle, which on the other hand, together with low
contribution to the ¢, enhancement, results in a decreased mole-
cular weight and nanoparticle volume scaled parameters, when
compared to spherical QDs (Table 1). The mixing of the lowest T,
and 4, symmetry states in CdS tetrapods®” can be the reason for
shifting the TPA maxima towards higher energy, since the linear
and two-photon nonlinear processes are governed by different
selection rules. Fonoberov et al.*° also found that, in the case of
tetrahedral CdS QDs, the number of optically active exciton states is
much larger than for the spherical CdS QDs with high symmetry.
Those transitions had low oscillator strength, however, as was also
shown by Allione et al.,*® the selection rules for one-and two-photon
transitions are different, and thus the additional exciton states
observed in tetrahedral CdS QDs can contribute to the two-photon
transitions. Additionally, the exciton states in the spherical CdS
QDs were higher in energy than the corresponding ones for
tetrahedral QDs,* which can also be the reason for the blue shift
of the TPA spectra maxima observed for CdS tetrapods.

Conclusions

In conclusion, the investigated water soluble CdS tetrapods can
be considered as interesting candidates for optical markers in
nonlinear biophotonics. They showed intense emission, of near
band edge character rather than the defect one, with a relatively
high quantum yield. This intense emission was also observed
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upon near-infrared two-photon excitation, and the TPA cross-
section was found to peak at 625 nm with g, = 7900 GM. The
two-photon excitation action cross-section (0,*QY) of CdS tetra-
pods, the parameter relevant for nonlinear bioimaging, was equal
to 3200 GM and 420 GM at 650 nm and 700 nm, respectively.
Those values are at the level of the corresponding ones reported for
organic molecules designed specifically for enhanced two-photon
absorption** and one order of magnitude lower than that for water
soluble CdSe QDs.*® The tetrahedral symmetry of the investigated
nanoparticles strongly influences the spectral position and the
peak values of a,, and it is suggested that CdS tetrapod arms do
not significantly contribute to the strength of TPA; however, it
results in the shift of the TPA maxima.
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