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Abstract Dynamic light scattering (DLS) of polymer and
polymer–nanocomposite solutions has been performed to
examine the effect in the morphology of polymer solution in
presence of nanoparticles analyzing their correlation func-
tions. The size of the nanoparticle was determined using
UV–Vis absorption spectroscopy measurements. Analysis
of the correlation functions of polymer solution shows exis-
tence of two modes, namely, fast and slow modes, along
with the distinct values in their corresponding amplitudes
and relaxation times. Interestingly, the fast mode of the solu-
tion was found to smear out, enhancing the slow mode when
we grow nanoparticles into the polymer solution. Apart
from the above study, the temperature variation study of
both the solutions show that above and below room temper-
ature, the polymer solution becomes more heterogeneous
compared to the solution when nanoparticles are grown into it.

Keywords Polymer · Polymer-nanocomposite · Dynamic
light scattering · UV–Vis

Introduction

Experimental studies of dilute, semidilute, and concentrated
polymer solutions in past few decades have been investi-
gated by Dynamic Light Scattering technique that measures
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the correlation functions of the scattered light intensity
with certain delay times. One can extract the relaxation
times that characterize the dynamics of the process from
these correlation functions. Recently, many dynamic pro-
cesses of various polymer–solvent systems [1, 2] and many
polymer–nanoparticle systems [3–9] have been studied for
both scientific and technical reasons.

In dilute solutions, the translational diffusion of poly-
mer coils, internal mode of homopolymer [10], or diblock
copolymer chains [11–13] are extensively studied. On the
other hand, for both semidilute and concentrated poly-
mer solutions, the cooperative diffusion of the transient
polymer network, heterogeneity mode related to polymer
self-diffusion in diblock copolymers [11–15], entanglement
mode [16], chain reptation [16, 17], viscoelastic relaxation
[18], diffusion of clusters [15, 16, 19], predicted Rouse
modes theoretically [20] and observed experimentally [21],
the viscoelastic relaxations, α and β - chain relaxations [18,
22, 23] are also studied. Using DLS, the chain conforma-
tion behavior as well as hydrodynamic size distribution of
polymer–solvent systems have been studied by analyzing
the correlation functions. In contrast, most of the existing
scientific literature of polymer–nanoparticle systems have
been concentrated only on the hydrodynamic size distri-
bution. However, the study after synthesis of nanoparticles
directly into the polymer solution using DLS is hardly avail-
able that has many importance in the fields of fundamental
sciences and technological applications. Nanoparticle for-
mation into the solution will affect the dynamical behavior
of polymer chain conformations, which is likely to be
reflected in their correlation functions, which motivate us to
perform the present study using simple DLS measurements.

Here we have prepared nanoparticles directly into an
aqueous polymer solution, and the effects were examined
studying the intensity autocorrelation functions obtained
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from dynamic light scattering measurements at room tem-
perature. The nanoparticles were synthesized chemically
by growing CdS particles into the polymer solution. In
order to obtain the size of the nanoparticles, we have used
the UV–Vis absorption spectroscopy technique. Compari-
son of the correlation functions of the polymer and polymer
nanocomposite solutions shows huge change. Each corre-
lation function of the polymer solution was found to have
two modes, namely the fast and the slow modes. As we
grow nanoparticles into the polymer solutions, the promi-
nent fast mode of the polymer solution is found to smear
out, increasing the slow relaxation mode by increasing both
its amplitude and relaxation time. Additionally, the ther-
moresponsive behavior of both the solutions was studied
collecting the correlation data at different temperatures.
Systematic change in their correlation functions with tem-
perature for both the solutions was observed. We found
that the polymer solution is heterogeneous compared to the
polymer nanocomposite solution above and below room
temperature.

Experimental details

Sample preparation

The synthesis of polymer-nanocomposite is performed
chemically by dispersing the CdS nanoparticles with 5%
volume concentration in 5 mg/ml (in between dilute
and concentrated) aqueous polyacrylamide solution hav-
ing molecular weight (Mw = 5 − 6 × 106). A measured
amount of cadmium acetate is dissolved in 5 mg/ml polymer
solution for the preparation of the polymer nanocomposite
solution. Using a magnetic stirrer, the solution was stirred
for the mixture of cadmium acetate homogeneously into
the polymer, and H2S gas was then passed through the
solution in a controlled way. When the gas was passed,
the color of the solution become yellow ensured that the
reaction of cadmium acetate with H2S gas occurred which
in tern indicates the formation of CdS particles. The gas
flow was then stopped and the solution was kept open
for a few minutes to remove of excess H2S from the sol.
The product do not show any precipitation for years which
signify the fact that the composite solution is stable for
long periods in water. The concentrations of polymer and
polymer–nanocomposite solutions used for the study were
5 mg/ml, which is just above the overlap concentration 4
mg/ml of the polymer.

Dynamic light scattering

Using Zetasizer Nano-S system (Malvern Instruments Ltd.,
Malvern, UK) the dynamic light scattering measurements

were performed at fixed scattering angle (173◦ backscatter)
with a 5-ml glass cuvette. The instrument contains an
avalanche photodiode (APD) detector along with a 4 mW
He-Ne laser, which operates at a wavelength (λ) of 633 nm.
The setup also has a Peltier temperature controller, which
allows changing the temperature from 2 ◦C to 92 ◦C. The
wavenumber of scattered light corresponding to the scatter-
ing angle 173◦ is q = (4πn/λ) sin(θ/2) = 0.019 nm−1, n is
the refractive index of the solution. The data are collected at
room temperature as well as at various temperatures rang-
ing from 2 to 90 ◦C. The temperature is controlled within
± 0.02 ◦C. Before each measurement at each temperature,
the sample placed in the DLS apparatus is allowed 15 min
to equilibrate the temperature. The data acquisition time
for all dynamic light scattering measurements was 60 s per
correlation function. All measurements at each tempera-
ture were performed twice to check the consistency of the
correlation data. Also, the reversibility of the correlation
data with temperature is checked by lowering the tempera-
ture from 90 to 2 ◦C. Also, it may be noted that the CdS
nanocrystals are luminescent, which may contribute to the
scattered light intensity. Instead of the luminescent prop-
erty, DLS study of CdS nanocrystals has been performed by
many authors recently [24–26]. The luminescent properties
are well studied by many authors using photoluminescence
spectroscopy technique (PL) [24–29]. The PL spectra upon
excitation with a 782-nm laser showed that the PL emis-
sion profile occurs in the 480–540 nm range [28]. In our
study, we measure the correlation function with a 633-nm
He-Ne laser. The detector here is the avalanche photodiode
detector, which has quantum efficiency greater than 50% at
633 nm. So, the detector is more efficient to collect scat-
tered light only when the light of 633 nm (same wavelength
as incident light) is incident on it, and the light of other
wavelengths do not contribute more to the detected scattered
light.

In DLS experiments, the intensity–intensity time corre-
lation functions g2(t) are recorded. If the scattered field
obeys Gaussian statistics, the measured correlation function
is directly related to the theoretically amenable first-order
field correlation function g1(t) through the Siegert relation
[30]

g2(t) = 1 + cg2
1(t) (1)

where c is an instrumental parameter, a constant related to
the coherence of the detection optics. For a polydisperse
system [30, 31], g1(t) is related to the distribution of the
characteristic line width G(�) by

g1(t) =
∫ ∞

0
G(�)e−t�d� (2)

For a purely diffusive relaxation, � is related to the trans-
lational diffusion coefficient D or the cooperative diffusion



J Polym Res (2017) 24: 218 Page 3 of 7 218

coefficient D1 by � = D1q
2, depending on whether the

solution is in the dilute (C < C∗) or semidilute (C >

C∗) regime. On the other hand, it has been shown that in
a semidilute solution or a solution undergoing the cross-
linking reaction, g2(q, t) can also be analyzed by a single-
exponential function combined with a stretched exponential
function to take care of the additional slow relaxation as
follows [32–40]

g1(t) = A1e
(−t/τ1) + A2e

(−t/τ2)
β

(3)

with A1 + A2 = 1. The parameters A1 and A2 are the
amplitudes of the fast and second modes, respectively. The
first term (short-time behavior) on the right-hand side of
the Eq. 3 is related to the cooperative diffusion of the poly-
mer chains. It has an amplitude A1 and a relaxation time
τ1, which corresponds to the diffusion coefficient D1 =
(q2τ1)

−1, where q is the scattering vector. For the cooper-
ative mode of semidilute solution [41], the Stokes–Einstein
relation [42] is modified as, D1 = kBT /6πηξ , where kB

is the Boltzmann constant, η is the viscosity of the solvent
at temperature T, and ξ is the hydrodynamic correlation
length (correlation length of concentration fluctuation or
mesh size), which is inversely proportional to polymer con-
centration and independent of the molecular weight [43].
Note that D1 is a measure of the dynamics on a length
scale of 1/q, which is about 50 nm at the scattering angle of
173◦. The conjecture is that the second term (stretch expo-
nential decay) on the right-hand side of Eq. 3 is associated
with the disengagement relaxation of individual chains [44].
This stretch exponential decay [16, 45, 46] corresponds
to the slow mode that results from the diffusion of poly-
mer associations, known as the interdiffusive mode (which
is independent of the scattering vector, characterizes the
structural relaxation of the transient network) [47] is char-
acterized by the amplitude A2 and relaxation time τ2. The
variable τ2 is some effective relaxation time, and β(0 < β ≤
1) is a measure of the width of the distribution of relaxation
times. Note that the stretched exponential function, in gen-
eral, indicates the presence of multiple relaxation processes
in disordered systems [45]. This form is known to represent
well the asymptotic behavior of nonexponential relaxations
of various nonequilibrium parameters of macroscopic sys-
tems. The advantage of this functional form is that it could
represent the entire multirelaxations behavior of the entire
autocorrelation function by only two parameters, namely,
an exponent β and a correlation time τ2. The variable τ2 is
some effective relaxation time, and β(0 < β ≤ 1) is a mea-
sure of the width of the distribution of relaxation times. The
mean relaxation time is,

τ2av = (τ2/β)�(1/β) (4)

where �(1/β) is the gamma function of β−1.

In the analysis of the correlation data, a nonlinear fitting
algorithm (Levenberg–Marquardt method) has been used to
obtain best-fit values of the parameters A1, A2, τ1 and τ2
using Origin 7.5 software.

UV–Vis absorption spectroscopy

The size of the CdS particles suspended in the solution is
determined using UV–Vis absorption spectroscopy (Cintra
10e GBC) technique. Using transmission mode, the absorp-
tion spectra of the polymer nanocomposite solution filled
in standard cuvette (10 mm × 10 mm) was taken at room
temperature. In Fig. 1, the corresponding spectra is shown
and in the inset the same data is plotted as αhυ2 versus hυ.
In direct band-gap semiconductors like CdS, the absorption
coefficient is expressed as [48], αhυ ∝ (hυ−Eg)

1/2, where
α is the absorbance, h is the Planck’s constant, υ is the fre-
quency of the radiation and Eg is the band gap energy. The
value of hυ is extrapolated to α = 0 to obtain the band gap
of CdS in polymer nanocomposite solution, which is shown
in the inset of Fig. 1. It has been observed that the absorption
band edge of CdS in the polymer nanocomposite solution
(2.46 eV) is blue shifted [49] in the presence of nanocrys-
talline CdS particles compared to the band gap of bulk CdS
(2.4 eV). The band gap (Ep

g = 2.46 eV) of the CdS particles
in the polymer nanocomposite solution is found to be larger
than the band gap of bulk CdS (Eb

g = 2.4 eV) [50, 51].
The increased band gap in CdS nanocrystals occurs due to
quantum confinement effect. The difference in the band gap
energies, �E = E

p
g - Eb

g , employed with three-dimensional
confinement model based on effective mass approximation
[49] has been used to calculate the particle size, which is
found to be 3.6 nm (7.2 nm diameter).

It is to be noted here that the calculation of size of CdS
using this technique (effective mass approximation) is well

Fig. 1 (Color online). Absorption spectra of the NC solution. The
inset of the figure shows the plot of the data (αhν)2 versus hν. The
band gap energy E

p
g = 2.46 eV is obtained from the extrapolation of

the curve to α = 0
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Fig. 2 (Color online). Time correlation functions of semidilute and
NC solutions. The filled blue and red circles correspond to the exper-
imental data of polymer and NC solutions, respectively. The solid
curves are obtained by fitting the data using Eq. 1

verified by many other complementary techniques, like X-
ray diffraction, electron microscopy, reaction with hydroxyl
radicals, fluorescence quenching with methylviologen etc.
[24–29, 52]. Here we have not used any such complemen-
tary techniques to verify the size of the particles because
CdS is a semiconducting particle (belonging to the II-VI
group) and UV–Vis measurements allow us to determine the
band gap as well as the size of the particles in a more accu-
rate way, which is mentioned by many authors as described
above.

Experimental results and discussion

In Fig. 2, we have shown the auto correlation functions of
the polymer and polymer nanocomposite solutions obtained
from DLS measurements. The blue dots represent the cor-
relation data of the polymer solution and the red dots corre-
spond to the correlation data of the polymer nanocomposite
solution. The solid lines are obtained from the fitting of the
data using Eq. 1. It is clear from the figure that the correla-
tion function for the nanocomposite solution differs widely
from that of the polymer one, where CdS nano-particles are
grown. It is important to note that the correlation function
of the polymer solution contains two modes, namely, the
fast (τ1−1), and the slow (τ2−1) modes, respectively. The
fast mode of polymer solution corresponds to cooperative
diffusion of individual chains, while the slow one might be

related to the dynamics of those chains entangled in poly-
mer solution. The parameters obtained from the fitting of
the correlation functions using Eq. 1 are given in Table 1.
The amplitudes of the fast and slow modes of the polymer
solution are 0.49 and 0.53, and the corresponding relaxation
times are 80.92 and 500.39, respectively. The amplitudes of
the twomodes are very close to each other and the relaxation
time of the fast mode is about an order of magnitude smaller
than the slow mode, while for the polymer nanocompos-
ite solution, the amplitudes of the fast and slow modes are
0.008 and 1, and the corresponding relaxation times are 36.6
and 1275.41, respectively.

In connection with this fact, one should consider that the
cooperative diffusion coefficient (fast mode) of the polymer
solution is D1 = (q2τ1)

−1 = 34.23 × 10−12 m2/sec, which
can be used to estimate the hydrodynamic screening length
or mesh size following the Stokes–Einstein relation, and is
found to be 7.16 nm. The mesh size of polyacrylamide in
semidilute regime obtained by small-angle neutron scatter-
ing measurements is [53], ξ = 2.09c−0.76, where c is the
concentration of the solution in g/ml. We have estimated the
value for our case, and the mesh size is found to be 11.72
nm. The corresponding diffusion coefficient following the
Stokes–Einstein relation is found to be 20.92× 10−12 m2/s,
which is comparable to the estimated value as obtained
using the mesh size of 7.16 nm.

It may be noted here that for polymer nanocomposite
solution, the amplitude of the fast mode is negligibly smaller
compared to its slow mode. The amplitude of the slow mode
of polymer nanocomposite solution is also higher than the
amplitude of the slow mode of the polymer solution, while
the amplitude of the fast mode of polymer nanocomposite
solution is very small compared to the fast mode ampli-
tude of polymer solution. From this comparison it can be
manifested that due to the presence of nanoparticles into
the solution, the prominent fast mode of polymer solution
is smeared out, enhancing the slow mode. This may be
due to the fact that as the polymer solution is loaded with
the CdS particles, the slow relaxation mode of polymer
solution becomes even slower, and at the same time its con-
tribution to the total intensity increases with the rise of its
amplitude. In polymer nanocomposite material, CdS parti-
cles are formed in the aqueous solution of polymer chains,
and during their growth, due to polymer-particle interac-
tion, different parts of the polymer chains get connected

Table 1 Parameters obtained
from the fitting of the
correlation functions of Fig. 2
using Eq. 1

Amplitudes Relaxation times

Solution type Fast mode Slow mode Fast mode (μs) Slow mode (μs)

Polymer 0.49 ± 0.005 0.53 ± 0.005 80.92 ± 0.80 500.39 ± 10.23

Polymer-nanocomposite 0.008 ± 0.001 1 ± 0.002 36.6 ± 4.82 1275.41 ± 2.72
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with CdS particles and the individual chains are eventu-
ally cross-linked through formation of cluster. Due to both
attachment of the CdS particles with polymer chains and
large interfacial area-to-volume ratio of nanoparticles, the
size of the cluster becomes large. As a result, the slow
mode is enhanced by increasing both its amplitude and
relaxation time in the correlation function. The fast mode
may also present in the polymer nanocomposite solution
but its contribution is suppressed due to the enhanced slow
mode that results from these large clusters. Therefore, it
can be predicted that the formation of nanoparticles in the
polymer solution changes the morphology of the solution
from the bimodal to a monomodal one, which follows the
stretch exponential decay function. The uniqueness or vari-
ations of these features can be easily observed from the
temperature-dependence studies of the solutions.

Apart from the above study, the thermoresponsive behav-
ior of both the solutions was studied and DLSmeasurements
at various temperatures were carried out. All the correla-
tion functions are plotted in Fig. 3. Figure 3a shows the
time correlation functions of the polymer solution at various
temperatures. It is clear from the data that the correlation

a

b

Fig. 3 (Color online). Time correlation functions at various tempera-
tures. a Semidilute polymer solution and b NC solution. The lines of
figure (a) are obtained by fitting the data using Eq. 1 and the lines of
figure (b) are obtained by fitting the data considering only the stretch
exponential decay term of Eq. 1. The temperatures are shown against
the corresponding symbols

functions are strongly temperature-dependent and follow
a systematic behavior with the increase or decrease in
temperature. Analysis of the data has been done using Eq. 1
and the fitted curves are shown by the solid lines in the
figure. Figure 3b shows the time correlation functions of the
polymer nanocomposite solution at different temperatures.
It has been observed from the figure that the correlation
functions change systematically with temperature. The data
are now analyzed only considering the second term of Eq. 3,
since the polymer nanocomposite solution has only stretch
exponential mode as observed from the analysis of Fig. 2,
and the fitted curves are shown by the solid lines in the
figure. The excellent fitness of the data with the stretch
exponential function indicates that the temperature does not
further enhance the original fast mode of the polymer solu-
tion. In order to check the reproducibility, the data for each
correlation function at each temperature is collected repeat-
edly for two times. The correlation data of both the solutions
are also collected with the reversal of temperature, and it
is verified that for both the cases of rising and lowering of
temperatures, the results match with each other.

The amplitudes obtained from the fitting of the cor-
relation functions of Fig. 3 with temperature are plotted
in Fig. 4. The open and solid blue symbols represent the
fast and slow modes amplitudes of polymer solution and
the red symbols correspond to the slow-mode amplitude
of polymer nanocomposite solution. It has been observed
that for polymer solution the amplitudes of the two modes
change with temperature. A crossover region between the
two modes is observed around 25 ◦C. Above this tempera-
ture, the amplitude of the fast mode is increased, while the
amplitude is decreased below this temperature compared to
the slow mode. Similar opposite behavior with temperature
is observed for the slow mode compared to the fast one.
On the other hand, for the polymer nanocomposite solution,

Fig. 4 (Color online). Variation of the amplitudes of fast and slow
modes for the polymer and NC solutions with temperature. The open
and solid blue symbols represent the fast and slow modes amplitudes
of polymer solution, respectively, and the solid red symbols correspond
to the slow mode amplitudes of NC solution
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the amplitude remains constant. It is interesting to note that
contrary to the polymer solution, the amplitude of the
polymer nanocomposite solution does not change with tem-
perature. This proves that temperature does not alter the
monomodal characteristics of the polymer nanocomposite
solution.

The relaxation times of fast and slow modes obtained
from the fitting of the correlation data (Fig. 3) with temper-
ature are plotted in Fig. 5. The open and solid blue symbols
correspond to the fast and slow modes relaxation times
of polymer solution, and the solid red symbols represent
the slow mode relaxation time of polymer nanocomposite
solution. It has been observed that the relaxation time cor-
responding to the slow mode of polymer nanocomposite
solution has a higher value compared to the slow mode of
the polymer solution. Also, the relaxation times for both the
solutions are decreased with the increase of temperature.
This behavior of relaxation times with temperature might be
due to the change in viscosity of the solution. It is important
to note that the relaxation times of both the solutions are
reversible with temperature, which reveals that the temper-
ature does not make any permanent change to the chemical
state of the solutions. Since the relaxation times are similar,
we have not shown the data in the above figure.

The stretching exponent β is plotted in Fig. 6 as a func-
tion of temperature. The open blue symbols represent the
stretching factors of polymer solution and the solid red
symbols correspond to the stretching factors of polymer
nanocomposite solution. The solid lines in the figure are
obtained from the linear fit to the data. It has been clearly
observed from the figure that the behavior of stretching fac-
tor with temperature for polymer nanocomposite solution
is totally different and follows an opposite trend com-
pared to the polymer one. It is interesting to note here
that for the polymer solution, the stretching factor shows

Fig. 5 (Color online). Variation of the relaxation times of fast and
slow modes for the polymer and NC solutions with temperature. The
open and solid blue symbols represent the fast and slow modes relax-
ation times of polymer solution, respectively, and the solid red symbols
correspond to the slow mode relaxation times of NC solution

Fig. 6 (Color online). Variation of stretching factors of polymer and
NC solutions with temperature. The open blue symbols represent the
stretching factors of polymer solution and the solid red symbols cor-
respond to the stretching factors of NC solution. The solid lines are
obtained from the linear fit to the data

maximum value at 25 ◦C, and away from this tempera-
ture the value decreases, which is clearly shown by the
solid lines in the figure, while for the polymer nanocom-
posite solution the stretching factor shows a minimum at
this particular temperature and the value increases for all
other temperatures. The minimum and maximum values of
stretching factor for polymer solution are 0.39 and 0.62,
and that for polymer nanocomposite solution are 0.74 and
0.78, respectively. The overall change in stretching factor
for both the polymer and polymer nanocomposite solutions
are 37 and 5%, respectively (within the studied temperature
ranges). It is interesting to note that the β value decreases
37% for polymer solution while it increases 5% for the
polymer nanocomposite solution. The decrease in stretching
exponent β for polymer solution indicates that the solu-
tion becomes more heterogeneous when the temperature is
away from 25 ◦C, since the smaller value of β signifies
highly stretched conformational relaxation of the polymer
[44, 45]. In other words, we can say that the chains entan-
gled in the polymer solution are not able to relax during the
delay time window. This reveals that the enhancement of
relaxations in the slow mode due to conformational changes
of the polymer chains in the solution occurs whose decay
is faster than exponential. On the other hand, the enhance-
ment of stretching exponent β for polymer nanocomposite
solution manifests that the solution is more homogeneous
for these temperature ranges. Thus, it can be emphasized
that the conformations of the polymer chains in the polymer
nanocomposite solution is much more ordered or homoge-
neous with the temperature change from 25 ◦C. It relaxes
nearly as a single exponent and at the same time the con-
tribution of the fast diffusive relaxation of polymer solution
becomes less and less since individual chains are eventu-
ally cross-linked through the attachment with CdS particles
as parts of larger clusters. Hence, we can predict that with
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the change of temperature, the inhomogeneities in the poly-
mer solution are largely enhanced compared to the polymer
nanocomposite solution. However, the angular-dependent
light scattering measurements would provide more accurate
quantitative information about the heterogeneity and homo-
geneity behavior of the solutions. Since, in the present work
we are mainly interested in showing the effect of nanopar-
ticles in polymer solution, we have discussed qualitatively
the homogeneity and heterogeneity behavior of the solutions
with temperature only using the stretching parameter β for
completeness of the study.

Conclusions

The intensity autocorrelation functions of polymer and
polymer nanocomposite solutions have been examined
using dynamic light scattering technique. The size of the
nanoparticle was estimated from the UV–Vis absorption
spectroscopy measurement. The correlation functions of
polymer solution show two modes namely, the fast and slow
modes, and this fast mode is found to smear out enhancing
the slow one when nanoparticles are grown into the solution.
Additionally, the temperature variation study of both the
solutions shows that the polymer nanocomposite solution is
more homogeneous at above and below room temperature
compared to the polymer solution.
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