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ABSTRACT

The correlated optical and mechanical properties through fast dipolar interactions have been assessed from the excited state dynamics of the hexagonal phase
cadmium sulphide nanopods (aspect ratio ~ 5.3) dispersion. The polarization dependent time resolved emission spectroscopy, and time dependent anisotropic
analyses reveal the ultrafast rotation of the nanopods with time period 230.71 ns, and 559.03 ns along the parallel and perpendicular axis, respectively. This
demonstrates the diligence of the nanopods as an excellent optically active rotor for nanomechanical systems.

Recent studies on the optically active nanoparticles dispersion have
shown promising applications in energy harvesting [1], photothermal
[2,3], photonics [4] and sensing [5]. Nevertheless, the influence of
gyration in the photo-excited charge dynamics have kindled a great
interest for practical applications of the anisotropic nanoparticle (e.g.
nanorods (NRs) dispersion). For example, as per the dipole-electric field
approximation (FE o cos? 8, where I is the transition dipole, T is
electric field component, and € is the angle between ¥ and E), the
orientation between the photo-excited dipoles, and emitted dipoles may
change due to the rotation of the dispersed NRs under the influence of
electromagnetic field [6] within the time-frame of lifetime of the di-
pole. As a consequence, there will be a fluctuation in the excited states
orientation yielding the modulation in the emission intensity [7,8]. In
analogy, the excited states of the NRs, where the carrier exhibits
longitudinal and transverse modes of localization, acquit anisotropic
emission depending upon the orientation of the crystal [9-12]. Thus,
the optical properties of the NRs dispersed in a fluid, where they ex-
perience gyration under an external electromagnetic field [13], is an
important point of debate for application in the nanomechanical de-
vices [14]. For instance, though the optical torque [15], optical vertex
[16], and Brownian force [17] activated rotation in the low frequency
range are reported in the field of nanomotor, the ultrafast rotational
properties of nanorods, and its derived structures viz. nanopods, are less
understood so far. Inspired by its formidable phenomena and applica-
tions, and to observe the rotational effect through the excited state
dynamics, we have synthesized high quality cadmium sulphide (CdS)
nanopods (two or more nanorods join together at a common end) as a
color emitter upon photo-excitation using the chemical based growth
technique. The optical properties of the nanopods (NPDs), dispersed in
a fluid (e.g. chloroform), have been studied using optical absorption
and emission measurements. The excited state dynamics of the NPDs
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dispersion have been studied using polarization dependent time re-
solved emission spectroscopy (PTRES) and time dependent anisotropic
(TDA) measurements, indicating the rotation of the CdS NPDs in the
nanosecond time period.

In a typical synthesis, 0.063 g of cadmium chloride (CdClz) salt was
added to the 1:1 mixture of octylamine and oleylamine solvent. The
solution was heated at 393 K, for 2 h to functionalize the cadmium (Cd).
Subsequently, the Cd-functionalised powders were collected using a
precipitation technique in the presence of hexane followed by cen-
trifugation. Separately, sulfur (S) solution was prepared by dissolving
0.058 g of sulfur powder in a solvent containing 1:1 mixture of octy-
lamine and oleylamine. Then, the Cd-functionalised powder was added
to the S-solution under vigorous stirring condition for 20 min. Finally,
the resultant solution was autoclaved at 373K for 24 h. The CdS na-
norod powders were collected by washing it with an excess of tri-n-
octylphosphine oxide solution and ethanol, successively. The extracted
CdS nanorod powders were dispersed in the chloroform for the PTRES
and TDA measurements.

The morphology of the sample collected on a carbon coated copper
grid has been studied using transmission electron microscope (TEM).
Fig. 1 (a) shows the TEM micrograph of the sample. As observed from
the TEM, the sample exhibits a distribution of nanorods joined at a
common end forming nanopod structures (e.g., bipods and tripods). The
average length, diameter, and aspect ratio (length/diameter) of the
arms of the NPDs were calculated as 37.20 nm, 7.50 nm and 5.30, re-
spectively. Fig. 1 (c) shows the distribution of aspect ratio of one
hundred selected NPD image. The high resolution TEM image of a
single arm of the CdS NPD, shown in Fig. 1 (b), revealed the lattice
distance as 0.34 nm confirming the hexagonal structure of the sample.
Further, the crystallinity of the sample has been studied using the wide
angle X-ray scattering (WAXS) measurements. Fig. 1 (d) shows the
WAXS pattern of the sample. The crystallographic planes (100), (002),
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Fig. 1. (a) The TEM micrograph of the CdS NPDs, (b) the HRTEM image of an arm of the NPD, (c) Bar diagram representing the distribution of the aspect ratio of the

NPD and (d) the WAXS patterns of the CdS NPDs.

and (101) correspond to hexagonal structure of the CdS as per the
(JCPDS#80-006) standard data. It is to be noted that the peak related to
the plane (002) is narrow and intense compared to other peaks, which
is due to the extended growth along the c-axis of the NRs. Using the
Debye Scherrer's formula, D = ?:D:;, the length and diameter has been
calculated to be 31.93nm and 5.72nm from the full width at half
maxima (f) of the peak corresponding to the planes, (002) and (101),
respectively, giving an aspect ratio of 5.50.

The optical properties of the CdS NPDs dispersion have been studied
using the Perkin Elmer UV-Vis Spectrophotometer, and the Horiba
Scientific FluroMax-4 Spectrofluorometer. The absorption (left arrow)
and emission spectra (right arrow) are shown in Fig. 2 (a). The spec-
trum shows a strong absorption onset at wavelength, 500 nm. The
confined band gap of the CdS NPDs has been estimated to be 2.48 eV
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using the relation [18], @ = A(hv — Eg)l"IE, where @, v and E, are the
absorbance, the frequency of the excitation source, and bulk band gap
(2.42 eV), respectively. The observed blue shift of 0.06 eV corresponds
to the exciton energy. According to the even mirror boundary condition
(EMBC) model [19] in a weak confinement regime for the cylindrical
nanostructure, the excitonic ground state energy, Egg, can be expressed
as, Egg = E(E + L)

w\ o ey
reduced mass of the exciton, respectively. Taking a as 7.50 nm and ¢ as
37.20 nm from the TEM studies and reduced mass, ;. = 0.166m,, Eqs
is calculated to be 0.045 eV. Interestingly, the observed value of Fgs
from the experiment is in agreement with the EMBC model. Further-
more, the emission spectrum of the CdS NPDs for excitation wave-
length, 375nm, gives a distinct narrow peak at wavelength, 514 nm
corresponding to the band edge emission. In comparison to the optical
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Fig. 2. (a) Absorption and Emission spectra of the CdS NPDs dispersed in the chloroform. Inset is the Time-resolved emission decay plot and gray line is a double
exponential fitting curve. (b) The plot of the degree of polarization (filled circle) and the TRES intensity (filled box) at emission line 514 nm as a function of the
polarization angle. The dotted line indicates a cos® @ fit showing the linear polarization of the emission properties.
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Fig. 3. (a) The PTRES decay profiles of the NPDs at emission line 514 nm in parallel ((1)) and perpendicular (I, (1)) polarization configuration. I{1) is the integral
decay intensity. (b) The TDA spectrum (gray diamonds) of the sample dispersed in the chloroform. From the triple exponential decay fit (black line), the 7, T, 7. are

estimated to be 0.180 ns, 230.71 ns and 559.03 ns respectively.

absorption, the emission spectrum shows a Stokes shift of 67.5 meV
related to the interaction of the exciton with the medium. The broad
emission peak at wavelength, 700 nm is probably due to the transitions
from the defect/surface states [20].

The photo-excited state dynamics of the CdS NPDs have been stu-
died from the PTRES and the TDA measurements using Horiba Time-
correlated Single Photon Counting (TCSPC) set up in the presence of a
pulsed diode laser (wavelength — 375nm, pulse rate — 1 MHz and
pulse width ~ 200 ps). The time resolved emission spectrum (TRES) at
emission line, 514 nm under pulsed laser beam excitation, is shown as
an inset in Fig. 2 (a). From the double exponential decay fitting, the
amplitudes (x;) and time periods (5) of the transitions are estimated as
a; = 10.25, 7, = 1.30 ns and, a, = 0.36, 15 = 6.97 ns, respectively;
arf+ad

yielding the average life time of the exciton [21], (1) = P

1
1.45 ns. The transition dipole moment, |u| = (3“:;;5“')2 corresponding to
the excited state has been estimated as 17.26 D (Debye). In order to
understand the effect of electromagnetic field induced rotation, the
TRES studies have been carried out at a different polarization angle.
The degree of polarization, g, ata given polarization angle has been
2::? where [, is the TRES
intensity with analyzer angle same as that of the polarizer (parallel
configuration), and I, is the TRES intensity at analyzer angle ‘p’ degree
with respect to the polarizer. Fig. 2 (b) shows the variation of o (in-
dicated by left arrow), and TRES intensity (indicated by right arrow) as
a function of polarization angle. The dotted line indicates a cos® @ fit to
the TRES intensities showing a linearly polarized behavior of excited
states in the NPDs [22]. The value of pg,., is calculated to be 0.42 for
p = 90 degrees (perpendicular configuration). A similar degree of po-
larization (p < 0.6) has been observed by Wang et al. [9] for 1-D na-
nostructures. The decay period, and transition dipole moment corre-
sponding to the parallel and perpendicular polarization configuration
has been estimated to be 7 =152ns, | |=16.88D, and
7. = L6lns, g | = 16.40D, respectively. This affirms a change in the net
transition dipole moment of 3% possibly due to the rotation dependent
alignment of the NPDs.

Further, the influence of shape anisotropy on the dynamics of the
excited state has been investigated using the TDA measurements. The
integral decay intensity [21] I(t) = Ij(t) + 2. (t), and the anisotropic
r(t) = "“}I;;lm are shown in Fig. 3 (a) & (b), respectively, where
Ii(¢) and I,(t) are the intensity for parallel and perpendicular polar-
ization. It is to be noted that, in case of the anisotropic fluorophore

evaluated using the relation [9,21], P =

decay,

dispersion, the uncorrelated emission lifetimes and rotational correla-
tion times are related through the anisotropic decay [23],

rit) = GGE_F_; + abe_f_bl + crce_r_cl, where the time coefficents, 7, 1, 7.
correspond to the time period of the segmental motion, rotation around
the parallel axis and perpendicular axis, respectively. From the triple
exponential decay fitting of Fig. 3 (b), represented by a black line, the
values ofr,, T and 1. are estimated to be 0.180 ns, 230.71 ns and 559.03
ns with corresponding fundamental anisotropy, a, = 0.01, a; = 0. 11
and a. = 0.41, respectively. Additionally, as pfr the Perrin's expression
&n

4R
[23,24], the rotational time period, 7. = ———, where hydrodynamic
3kpT

radius of gyration [23], R, = ,f% + %2 is a function of length, L and
diameter, d of the nanorods. kg, 77 and T are the Boltzmann constant,
viscosity of the medium and temperature, respectively. Considering the
viscosity, = 0.563 mPas of chloroform (medium), T = 300K and 7,
= 559.03 ns, the value of R, for the NPDs is calculated to be 9.86 nm,
which corresponds to the NRs having average length and diameter of
32.2nm and 5.70 nm, respectively. The results are consistent with the
average size obtained from the TEM, WAXS and TDA studies within
experimental limitations.

In summary, the CdS nanopods with aspect ratio of 5.30 have been
synthesized using a micellar based growth technigue. The optical
properties of the NPD dispersed in a fluid (chloroform) has been ana-
lyzed under pulsed laser excitation, shows an anisotropy in the excited
state dynamics with the degree of polarization as 42% which is corre-
sponding to a change in the orientation of the excitonic dipole. This
suggests a co-related opto-mechanical behaviors of the NPD in a viscous
fluid. As observed from the TDA analysis, the effective rotational time
period is found to be longer along the perpendicular axis of rotation
(559.03 ns) in comparison to the parallel axis of rotation (230.71 ns).
This investigation sheds light on the possible application of the CdS
NPD as an efficient dipole-dipole interaction guided nano-rotors.
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