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ARTICLE INFO ABSTRACT

Keywords: Magnetic nanoclusters of the nanoflower type exhibit unique physical and magnetic properties as compared to
Na“"ClL_‘Sters ) their constituent nanoparticles due to the intra-cluster interactions. The present work highlights the maneuvering
r;g:;tslc particles of MngsZngsFe;04 nanoflower-based magnetic fluids for possible biomedical applications. The formation

mechanism of the nanoflowers and the strategies to control the dimensions of the nanoflowers are described in
detail. The nanoflowers are characterized using different structural and magnetic techniques: XRD, TEM, DLS, U/
SAXS, BET, VSM, and induction heating. The size of nanoflowers is tuned from 107 to 218 nm using the hy-
drothermal route by controlling the reaction time. The core—shell cluster model is developed to fit the SAXS data
to retrieve the size of the nanoflowers as well as their constituent particles. It is seen that the cluster sizes ob-
tained from various techniques are complementary to each other. This is a first attempt of its kind to show that
the size of nanoclusters determined by different techniques (TEM, DLS, and U/SAXS) are comparable. Also, the
size and size distribution of constituent particles within a cluster/flower complement each other (XRD, TEM, U/
SAXS and Magnetization). The results are explained using the surface area and porosity of nanoflowers deter-
mined using the BET technique. The dispersion of nanoflowers can be used for magnetic fluid hyperthermia as
well as for other applications where a large surface area-to-volume ratio is desirable.

Hydrothermal route
Magnetic fluid hyperthermia
Core-shell structure

1. Introduction reported that magnetic nanoclusters (also known as multi-core nano-

crystals) exhibit a maximum specific absorption rate (SAR) over other

Magnetic fluid hyperthermia (MFH) has attracted researchers
around the world to safely kill cancer cells using the heat generated by
magnetic nanoparticles under a high-frequency alternating magnetic
field [1]. The heating efficiency of the magnetic materials depends on
various parameters such as chemical composition, size, shape, and size
distribution of the particles, their saturation magnetization, dispersion
stability, etc. [2]. The uniformity in size and shape of magnetic nano-
particles greatly affects the effectiveness of the results. Moreover, the
size and shape of the particles also play a crucial role in enhancing the
induction heating property, as it is mainly dominated by the Brownian
relaxation mechanism of the magnetic nanoparticles. It is reported that
the monodispersed sample with 0.10 polydispersity has around twice
(700 K/s) as much induction heating as broad polydispersive samples
(350 K/s for 0.25 polydispersity) [2,3]. At the same time, over different
shapes of particles (such as cubes, disks, spindles, and nanoclusters), it is
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shapes of particles [4]. The nanoclusters consist of several small-sized
particles along with voids inside the structure. Within a nanocluster,
the small particles are arranged themselves so that the nanoclusters
become energetically stable. The magnetic properties of such nano-
clusters are, thus, a function of size, number density, and distance be-
tween the particles within a nanocluster.

The synthesis of magnetic nanoclusters of 85 nm in typical size with a
narrow size distribution was reported by Liu et al. [5]. Damodaran et al.
[6] reported the synthesis of magnetic nanoclusters of 120 nm, con-
sisting of a large number of individual magnetic nanoparticles (<10
nm). The parameters used to tune the size of the nanoclusters were the
amount of the iron source [7-9], the effect of precipitating agents
[9-11], the amount of water content [9,12], the effect of binary solvent
ratio [13-15], the reaction time [16,17,7], the different amounts of
surfactants [11,12,14,15,17,9], the different types of surfactants [18],
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and the pH of the surfactant [19]. From these, Hermosa et al. [9] re-
ported the tuning of the nanocluster’s size from 117.7 nm to 217.6 nm
by changing (i) the iron source, (ii) the amount of precipitating agent,
(iii) the addition of different amounts of water, and (iv) the amount of
surfactants. Liu et al. [7], Kim et al. [8], and Leshuk et al. [10] studied
the Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-
Halenda (BJH) model for porosity measurement. Kim et al. [8], re-
ported the porous structure of the nanoclusters with the micropores and
mesopores, which indicates the type IV isotherm. Leshuk et al. [10]
reported that the surface area and porosity results of nanoclusters syn-
thesized by ammonia and urea were comparable with the theoretical
results. Chen et al. [13] reported the size of the iron oxide nanospheres
from ~ 100 to 700 nm, tuned by changing the ratio of the binary sol-
vents ethylene glycol (EG) and diethylene glycol (DEG), which indicates
that as the DEG content increases, the size of the nanoclusters decreases.
Zhang et al. [20] reported the synthesis of monodispersed MnyZn;.
xFe204 (x = 0.2, 0.4, 0.6, 0.8, 0.9) magnetic nanoclusters using the
hydrothermal route, and the results showed that the size of the fabri-
cated nanospheres was 100-200 nm and the saturation magnetization of
the samples was related to the degree of Zn?* substitution.

Among all this literature, the MFH study using monodispersed iron
oxide nanoclusters [11,12,14,18] is very limited, and there are no re-
ports available for the monodispersed Mng 5Zng sFe304 composition or
its magnetic fluid hyperthermia study. Similarly, the structural,
morphological, and magnetic properties don’t cover the small angle X-
ray scattering (SAXS) and ultra-small angle X-ray scattering (U/SAXS)
analyses in correlation with BET measurements of monodispersed
magnetic nanoclusters.

The present work reports the maneuvering of Mng sZng sFe204 (A55)
composition nanoclusters (nanoflowers) synthesized using the hydro-
thermal method and their dispersion using tetramethyl ammonium hy-
droxide (TMAOH) as a surfactant. The size of nanoclusters is tuned by
altering the reaction time of the synthesis, which varies from 107 nm to
218 nm. The physical properties of the synthesized samples were studied
by XRD, TEM, DLS, and U/SAXS. The magnetic properties of the samples
were determined by the VSM, whereas the coating of TMAOH was
confirmed via FTIR and TGA. The morphological characterization con-
firms the porous structure of the nanoclusters, and the porosity was
determined by the BET measurement. The synthesized magnetic nano-
clusters were further studied for magnetic fluid hyperthermia applica-
tions. The optimum value of SAR is explained using all these techniques.

2. Experimental

Iron (IIT) chloride hexahydrate (FeCl3 6H2O(s), 98 %), manganese (II)
chloride tetrahydrate (MnCly 4H2O(s), 98 %), and tetramethylammo-
nium hydroxide (TMAOH, N(CH3){ OH", >98 %) were purchased from
Sigma Aldrich. Sodium acetate trihydrate (CH3COONa 3H50, 99.5 %)
was purchased from Merck; ethylene glycol (CoHgO2, 99 %) was from
Samir Tech-Chem Pvt. Ltd., India, and zinc (II) chloride (ZnCls, 98 %)
was purchased from LOBA Chemie Pvt. Ltd., India. All these reagents
were used without any further purification.

2.1. Synthesis protocol

The hydrothermal route was used to synthesize the manganese-zinc-
ferrite magnetic nanoclusters. For the synthesis, FeCls 6H2O(s), ZnCly),
and MnCl, 4H,Og) salts were taken in the molar ratio of 2:0.5:0.5. The
metal ion salts (14.8 mM) and sodium acetate trihydrate (0.106 M) were
dissolved in 160 mL of ethylene glycol. The mixture was mechanically
stirred for 30 min at room temperature, then transferred into the Teflon-
lined stainless steel autoclave container and placed inside the oven (Lab
Fine, Sun Instruments Pvt. Ltd., India). The samples were heated at 473
K for different times, viz., 5, 6, 12, 16, or 24 h. Finally, the samples were
collected once they reached room temperature. The impurities were
removed from the sample by a water wash. After washing, one third of
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the slurry was taken for coating with TMAOH, and the other two thirds
were dried at 333 K in an oven and labeled as uncoated samples. 50 mL
of 2.7 M TMAOH solution was added to the 1/3rd slurry, and it was
dispersed by sonication for one hour and then left overnight. This pro-
cess was repeated twice and then followed by magnetic sedimentation to
remove the excess TMAOH solution from the sample. The coated par-
ticles were redispersed in 30 mL of distilled water using 1 h of sonication
to prepare the stable colloidal suspension. The samples were labeled as
A55HTS5, AS5HT6, AS5HT12, AS5HT16, and AS5HT24, respectively, for
5, 6, 12, 16, and 24 h of reaction time during the synthesis. The stock
suspension was prepared with a cluster concentration of 1.7 mg/mL.

2.2. Characterization

Powder X-Ray Diffraction (XRD) (Bruker, D2 PHASER, Germany)
with Cu K, radiation (wavelength A = 0.15418 nm) was used to deter-
mine the crystallite size, crystal structure, phase purity, and lattice
parameter of the magnetic nanoparticles. The measurements were made
in a 20 range from 15° to 65° in 0.05° increments. The XRD is equipped
with the LYNXEYE detector.

Fourier Transformed Infrared Spectroscopy (FTIR, Nicolet, Thermo
Scientific, USA) was used to determine the presence of TMAOH coating
on the surface of magnetic nanoparticles (MNPs). The sample was pre-
pared by making a thin pellet of the particles with KBr in the ratio of
1:100. The background of KBr was subtracted from all the data, and the
measurements were taken between 400 and 4000 cm L.

The binding percentage of the surfactant on the particle surface was
examined using a thermogravimetric analyzer (TGA, Mettler Toledo,
Switzerland). The measurements were performed from 298 to 773 K at a
10 K/min heating rate in a nitrogen gas environment.

TEM samples were prepared by diluting the stock suspension of 1.7
mg/mL to 1000 times in milliQ water. Both, the stock suspension and its
dilution were sonicated at least for 30 min before preparing the sample.
The collagen-coated copper grid was used to prepare samples for the
measurement. A small amount of sample was placed on the grid and then
dried in a vacuum for about 24 h. JEOL JEM-2100 with LaB6 filament
accelerated at 200 kV was used to measure the microscopic images of the
samples. The microscopic images of all the samples were used to
determine the cluster size and cluster size distribution using “ImageJ”
software. The image was first calibrated with the known distance. Once
the calibration was done, an appropriate shape for the nanocluster was
selected. The same process was done for all the images to measure the
size of the cluster. The size distribution of the samples was calculated
using the lognormal distribution function using ~ 150-200 data points.
The Fast Fourier Transform (FFT) image and indexing of the FFT pattern
was done using “Gatan Microscopy Suite Software (GMS)”. The steps
were (i) calibrate the images; (ii) generate the FFT pattern; (iii) deter-
mine the d-spacing value of the samples using these FFT patterns; and
(iv) compare these d-spacing values with those determined from the
XRD indexing.

The colloidal properties of samples were measured using a dynamic
light scattering (DLS Nano-S90, Malvern) instrument to determine the
average hydrodynamic size of the clusters and their polydispersity. The
measured sample had a concentration of 0.15 to 0.3 mg/mL, which was
achieved by diluting the stock suspension in 1 M ammoniated water. The
stock suspension was sonicated for 10 min prior to its dilution. After the
dilution, the mixture was sonicated for 10 min. The measurements were
carried out at 298 K.

The stability and surface charge of the colloidal particles were
measured using a Zeta NanoBrook (90PlusPALs, Brookhaven, USA) Zeta
sizer. The measurement was carried out at 298 K. The stock suspension
was sonicated for 10 min, then 100 pL of stock suspension was diluted to
1 mL using distilled water. The pH of the suspension was found to be
10.5. The zeta potential of the sample was measured using a poly
(methyl methacrylate) (PMMA) cuvette and a resistant electrode probe.

X-ray scattering data were collected on a laboratory-based
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instrument, Xenocs-Xeuss 2.0, at the Multiuser SAXS Center EMUSAXS,
located at the Institute of Physics, University of Sao Paulo. This instru-
ment has a Cu anode microfocus X-ray source (Genix3D), FOX3D X-ray
mirrors, and two sets of Xenocs scaterless slits. The monochromatic and
collimated incident X-ray beam has a wavelength of 0.15419 nm and a
square cross section of 0.7 mm in the sample position. The measure-
ments were performed in transmission geometry. The 2D X-ray scat-
tering patterns were measured in a Pilatus 300 K detector at a sample-to-
detector distance of about 6.5 m (USAXS) and 1.2 m (SAXS). The 2D
images are integrated using the program packages pyFAI [21] and FabIO
[22]. Normalization factors are obtained from the direct beam mea-
surements automatically performed during the acquisition. The samples
of magnetic fluids were transferred into cylindrical mark-tube capil-
laries of 1.5 mm diameter and sealed to prevent sample evaporation. For
each sample, the measurements were carried out immediately after
sealing the capillary to prevent sample sedimentation effects. Each
sample was measured twice for 300 s to check for possible changes in the
scattering curves. The 2D scattering patterns were frame integrated,
resulting in curves of X-ray scattering intensity as a function of the
momentum transfer modulus, q = (4n/A) sinb, where 26 is the scattering
angle. Background and noise subtractions were applied to each curve,
with water being used as the background matrix. The USAXS and SAXS
1D profiles were combined in a single scattering curve for further data
analysis.

The surface area and porosity of the samples were measured using a
BET instrument (Micromeritics, ASAP 2010, USA). The samples were
loaded into a sample tube and degassed at 413 K for 6 h with a ramp of
278 K/min in vacuum. Once the degassing was completed, the samples
were placed into a liquid nitrogen bath at 78.65 K for the adsorp-
tion—desorption isotherm curve, surface area, pore diameter, and pore
volume measurements.

The magnetic properties of uncoated and coated clusters were
measured with a vibrating sample magnetometer (VSM, LakeShore
Model 7404, USA) at room temperature (300 K) in the magnetic field
range from —1.2 T to 1.2 T. The magnetization of all the fluid samples
was also performed in the field range of 0 to 1.2 T to determine the
magnetization of the magnetic fluid. The protocol for the measurement
was set in such a way that we could determine the accurate value of the
initial susceptibility and saturation magnetization of the sample.

For dry cluster samples, a full hysteresis loop was measured from (i)
0to 1.2 T field, (ii) 1.2 T to O field, (iii) O to —1.2 T field, (iv) —1.2 T to
0 field, and (v) 0 to 1.2 T field in a sequential manner with a definite
increment in the field value. A typical step followed during the mea-
surement is mentioned here for the first quadrant, and the same is fol-
lowed for other quadrants too. The initial steps from 0 to 0.0025 T field
are increased in the step size of 0.0001 T field; from 0.0025 to 0.01 T, the
step size of 0.0025 T was kept; from 0.01 to 0.3 T, the increment was
0.025 T, from 0.3 to 1.0 T, the step size was set to 0.05 T; and from 1.0 to
1.2 T fields, the step size was set to 0.01 T.

The protocol was changed for the magnetic fluid samples as
compared to the dry cluster samples for two reasons: (i) clusters will
have the freedom to physically rotate in the fluid; (ii) within nano-
clusters, the particles will experience torque from an external magnetic
field. In the case of magnetic fluid samples, the measurement is done
only in the virgin curve, i.e., the first quadrant. The steps in the initial
magnetic field were adjusted to increase by 0.0001 T field up to the field
of 0.0025 T, and then a larger step size of 0.00025 T was set from 0.005
to 0.01 T field. From 0.01 to 0.1 T, the step size was 0.001 T, while the
increment in the field was set to 0.005 T from 0.1 to 1.2 T.

The magnetic fluid hyperthermia (MFH) experiment was performed
using an induction heating system, Easy Heat LA-8310 (Ambrell, USA).
The set-up of the MFH includes the induction heating coils, biosafety
cabinet, power supply for the biosafety cabinet, optical fiber sensor, and
water chiller to maintain the temperature of the coil. The instrument can
operate at 10 kW with a fixed frequency of 333 kHz and a variable
magnetic field from O to 15 kA/m. The coil used for the MFH study is a 2
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x 2 turn Helmbholtz coil with an inner diameter of 0.06 m. The induction
heating experiment is used to study the heating response of the samples
under the exposure of an alternating magnetic field (AMF) of high fre-
quency. The sample was first sonicated for 30 min, and then 1 mL of
sample was taken from the parent sample into the sample holder and
placed in the center of the induction heating coil. The sample holder
(vial) is insulated with the rubberized cork sheet so as to prevent it from
radiating heat. The required amount of current is passed through the coil
so as to generate a 10 kA/m magnetic field, which is connected to the
high-frequency AC field generator that eventually heats the sample over
a time span. The initial temperature is fixed at 303 K, and then the
change in temperature is measured using the optical fiber sensor.

3. Results and discussion

In the present work, we discussed the effect of reaction time (5, 6, 12,
16, and 24 h) during the hydrothermal synthesis of Mng s5Zng sFexO4
nanoclusters and their suspension in distilled water on the physical and
magnetic properties of the samples. After the synthesis of nanoclusters,
the aliquot of the sample was dried (2/3rd part) and used for the
structural characterization. Similarly, after TMAOH coating, the aliquot
of the coated sample was dried. Both, uncoated and coated dry samples
were characterized using XRD, TGA, FTIR, BET, and VSM. Whereas, the
suspension of TMAOH nanoclusters in distilled water was characterized
for TEM, DLS, zeta potential, U/SAXS, VSM, and induction heating in-
strument. The results of the same are discussed below.

3.1. XRD study

Fig. 1a displays the XRD pattern for all the samples. The diffraction
pattern confirms the single-phase cubic spinel structure for all the
samples. The peaks at 18.19°, 30.03°, 35.45°, 43.1°, 53.42°, 56.92°, and
62.43° correspond to the (111), (220), (311), (400), (422), (511),
and (440) planes, confirming the face-centered cubic (FCC) spinel
structure of the samples. No extra peaks were observed in any of the
samples, which indicates the purity of the sample. The crystallite size
and the lattice parameter were obtained by fitting the data using MAUD
refinement software [23]. The XRD pattern for all samples fits the Fd-3
m space group with an inverse spinel structure. The MAUD-refined XRD
pattern of the AS5HT24 sample is shown in Fig. 1b. The crystallite size
calculated from refinement varied from 13.8 to 19.3 (40.3) nm,
respectively, for the obtained samples, where the heating time increased
from 5 h to 24 h. The size of each sample is mentioned in Table 1. From
the results, it is observed that as the reaction time increases, the crys-
tallite size of the particles increases. It was observed that the crystalline
phase doesn’t form when the reaction time is less than 5 h. Also, keeping
the reaction for 30 h doesn’t improve the crystallinity or size of clusters.
The lattice parameter of all the samples is between 0.8403 and 0.8428
(£0.0002) nm. The observed lattice constant value is near to that re-
ported for Mng 5Zng sFex04 (0.8421 nm) [24].

3.2. FTIR and TGA study

The coating of TMAOH was confirmed using FTIR and TGA. Fig. 2
represents the FTIR results of synthesized MNPs after TMAOH coating
along with pure surfactant, i.e., TMAOH. The strong and broad peak
around 3400 cm ™! is assigned to the hydroxyl group in the samples. The
peak at 1600 cm ™! represents H-O-H bending. The other single band that
appears at 950 em ! is due to the asymmetrical stretching of the C-N
bond [25]. The band between 2900 and 3000 cm ™" is assigned to C-H
symmetrical and asymmetrical stretching, whereas peaks between 1400
and 1500 cm ! are due to C-H symmetrical and asymmetrical bending.
The intense peaks in the fingerprint region of 400-600 cm™! are the
characteristics of metal oxides (Me-O) at the tetrahedral (A) sites and
octahedral (B) sites of spinel ferrite [26]. The other peaks in the region of
600-4000 cm ™! in coated MNPs indicate the surfactant peak.
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Fig. 1. (a) X-ray diffraction pattern for Mng sZng sFe,O4 samples synthesized using the hydrothermal route at different reaction times. (b) Refinement of XRD pattern

using MAUD software for AS5HT24 sample.

Table 1
Crystallite size, cluster size and hydrodynamic size of samples.

Sr. Sample XRD TEM results DLS results
No. Name results
Dxgp (nm) ~ Drgm (nm)  © Dy (nm) c

1 AS55HTS 13.8 +£0.3 158.1 + 0.09 160.0 + 0.37
1.7 0.5

2 AS55HT6 18.1 +£ 0.4 218.3 + 0.11 201.3 + 0.37
3.1 0.9

3 A55HT12 18.5+ 0.3 208.5 + 0.12 194.8 + 0.40
2.4 0.9

4 A55HT16 19.2+0.3 106.8 + 0.10 112.7 + 0.36
1.3 0.5

5 A55HT24 19.3+0.3 114.8 + 0.09 113.5 + 0.31
1.9 0.3
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Fig. 2. FTIR spectra of TMAOH (black line) with coated MNPs.

The thermogravimetric analysis of TMAOH-coated samples
measured between 298 and 773 K is shown in Fig. 3. The weight loss of
TMAOH-coated particles was found to be different for all samples syn-
thesized at different reaction times. The total weight loss of all the
samples is around 31 %, 12 %, 5.4 %, 10 %, and 9 %, respectively, for 5
to 24 h of reaction time. It is to be noted here that the samples AS5HT5
and A55HT12 are two samples that have two extreme weight losses,
respectively, a maximum and a minimum, as compared to other sam-
ples. The observed difference in weight loss may be correlated with the
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Fig. 3. TGA weight loss plot of TMAOH coated samples.

availability of the surface area of the clusters. For the AS5HT5 sample,
we believe that more surfactant must have bound to the nanoclusters,
whereas for the AS5HT12 sample, it could be a lesser amount. However,
it is difficult at this point to exactly pinpoint the reason. It is seen that the
transition occurred in multiple steps throughout the temperature range
of 298 to 773 K. The first weight loss up to 373 K in all the samples is
attributed to the water molecules and moisture adsorbed on the particle
surface. Whereas, the weight loss between 373 and 473 K can be due to
the bound OH™ to the surface of MNPs. The third weight loss observed
around 573 K is assigned to the oxidative removal of TMA™ cations
bonded to the nanoparticle surface [27].

3.3. TEM study

The morphology and the size of the nanoclusters were determined
using transmission electron microscopy images. The TEM images of the
samples A55HT5, A55HT6, A55HT12, A55HT16, and A55HT24 are
shown in Fig. 4 (a-e), respectively. The image reveals that all samples are
spherical and have very uniform-sized nanoclusters. The TEM images at
high magnification of the samples are shown in Fig. 4 (f-j). They
revealed that clusters were composed of a large number of small-sized
nanoparticles. Fig. 4 (k-0) shows the cluster size (D) distribution fitted
(red line) with a lognormal distribution function, f(D) dD (Eq. (1)).
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Where, Dy is a mean cluster size and ¢ is a standard deviation in
cluster size. The mean cluster size and size distribution obtained for each
sample are shown in Table 1. It is seen that as the reaction time increases
from 5 to 6 h, the mean size of clusters increases from 158.1 nm to 218.3
nm, and then it decreases to 106.8 nm. and reaching equilibrium with
the further increase in time up to 24 h.

It is seen from Fig. 4 (k) to 4 (o) that the nanoclusters size is shifted
from higher (150-300 nm) to lower (50-150 nm) values, as the time of
reaction increases from 6 h to 24 h. This is because initially at 5 h, the
particles within a cluster just nucleated and start aggregating to form a
cluster to minimize the surface energy. Then, slowly the crystallinity of
these nucleated particles increases as the maturity of the reaction pro-
gressively increases with the time. This will re-distribute the size of the
clusters between 100 and 300 nm. Once the particles within a cluster are
matured enough and reaching to a state of equilibrium, the growth
stops. This is a balancing of surface free energy and dipolar interaction
energy between the particles within a cluster leading to an optimal size
of the cluster and its porosity after some time. Further increasing the
reaction time doesn’t change much the size of a cluster or its distribu-
tion. In the present case the optimum reaction time is 16 h which leads to
a highly porous nanocluster comprises of well crystallized nanoparticles.

A large number of small nuclei are seen in the TEM images of the
A55HTS5 sample as compared to other samples. This may be a reason to
observe higher weight loss in TGA for this sample. In addition, the
A55HT12 sample seems to have very porous clusters consisting of few
nanoparticles within a cluster, rendering a low surface area to bind the
TMAOH, consequently a lesser weight loss in TGA.

Fig. 5 (a-e) displays the HRTEM image with a 5 nm scale bar
reflecting the crystalline nature of the clusters. For samples A55HTS5,
A55HT6, A55HT16, and A55HT24, atomic arrangement of the (311)
plane with an inter-planar distance of around 0.25 nm is seen. Whereas,
for the AS5HT12 sample, the d-spacing value is 0.30 nm corresponds to
the (220) plane. The Fast Fourier Transformation (FFT) generated from
the HRTEM is shown in Fig. 5 (f-j). The figure produced displays the
equidistance dot pattern from the zone axis at a particular distance for
various planes. The d-spacing value corresponding to each plane is
compared with that of the XRD d-spacing results, and then the FFT
image is indexed as shown in the FFT pattern. The resultant d-spacing
values obtained from FFT images for all the samples using GMS software
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are mentioned in Table 2.

3.4. DLS and zeta potential study

The cluster size and its distribution are measured using the intensity
distribution observed from DLS measurements. Fig. 6 (a) represents the
intensity distribution of the clusters for all samples. The hydrodynamic
size of the cluster distribution is then fitted using the lognormal distri-
bution function using Eq. (1). Fig. 6 (b) represents the typical result for
A55HT24 sample fitted with the lognormal distribution function (red
line). The obtained median diameter and the standard deviation of all
the samples are mentioned in the Table 1. It is seen that the hydrody-
namic diameter of clusters for all the samples is very close to the
diameter of clusters obtained from the TEM images. This may be due to
the good compatibility of TMAOH with the distilled water, which cre-
ates a very thin layer of water around the clusters, unlike other long-
chain surfactants as described by Bender P. et al. [28].

The zeta potential of the samples was measured five times and the
average of these measurements is considered. The value of zeta potential
of fluids along with the standard deviation at 10.5 pH is found to be
—45.11 (£3.7) mV, —44.73 (£1.6) mV, —41.19 (£+3.7) mV, —44.21
(£6.6) mV and —46.62 (+2.8) mV, respectively, from the AS5HT5 to
A55HT24 samples. The zeta potential values of all the samples greater
than + 30 mV indicate the good dispersion stability of the fluid.

3.5. U/SAXS study

The U/SAXS curves for the samples are shown in Fig. 7. The U/SAXS
data presents oscillations, which indicate the formation of well-defined
particles with low polydispersity [29].

The TEM image for a typical sample of nanoflowers is shown in
Fig. 4. One can clearly see that the nanoflowers have a spherical shape
and are composed of internal subunits with an overall spherical shape. A
model for the U(SAXS) data for the nanoflowers, based on the TEM
image, is composed of an overall large spherical particle with internal
components. By the analysis of the several datasets, the best fits were
obtained under the assumption that the system contains small poly-
disperse spheres and polymer-like contributions. Therefore, the model
used for the scattering intensity is given by:

I(q) = Sciles(q)Sus(q) + Scalpn(q) + Scalpo(q) 2

In this model, Sc; are the scale factors for the several parts. Ics(q) is
the intensity of a large core-shell sphere, with radius Rcg, polydispersity,
ocs, shell thickness T and relative contrast of the shell App = Apgau/

Fig. 5. (a-e) High resolution TEM images of Mng sZng sFe,O4 samples synthesized at different reaction temperatures; (f-j) Fast Fourier Transform (FFT) pattern of

A55HTS, A55HT6, A55HT12, A55HT16 and A55HT24 samples, respectively.
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Table 2
d-spacing values obtained from XRD and FFT pattern for all the samples.
(hkI) A55HTS A55HT6 A55HT12 A55HT16 A55HT24
d-spacing (nm) d-spacing (nm) d-spacing (nm) d-spacing (nm) d-spacing (nm)
XRD TEM XRD TEM XRD TEM XRD TEM XRD TEM

(111) 0.4871 0.4904 0.4844 0.4876 0.4857 0.4671 0.4884 0.4847 0.4871 0.4812
(220) 0.2972 0.2979 0.2972 - 0.2976 0.3011 0.2986 0.2926 0.2972 0.2984
(311) 0.2529 0.2533 0.2529 0.2530 0.2536 0.2526 0.2543 0.2545 0.2536 0.2536
(400) 0.2096 - 0.2099 - 0.2101 - 0.2108 0.1922 0.2096 0.2040
(422) 0.1713 - 0.1716 0.1718 0.1717 - 0.1722 - 0.1719 0.1719
(511) 0.1615 - 0.1615 - 0.1617 - 0.1621 - 0.1618 0.1643
(440) 0.1485 - 0.1483 - 0.1486 - 0.1487 0.1466 0.1486 0.1399
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Fig. 6. DLS results of AS5HT5 to A5S5HT24 samples produced at different reaction time displaying intensity distribution as a function of hydrodynamic cluster size.
(b) intensity distribution of AS5HT24 sample fitted with the lognormal distribution function (red line).
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Fig. 7. Treated data for the U/SAXS intensities from the nanoflowers.

Ap o [30]. The contribution from the small spheres that compose the
nanoflowers is given by Iy, (q) which is the intensity of polydisperse
solid spheres with radius Rs and polydispersity os. The polymer
contribution I,;(q) is given by the Debye formula for a Gaussian chain
[31] with an overall radius of gyration, Rgpol. In this model the contri-
butions for the large nanoflowers, small spherical inner spheres, and
polymers are simply added. Since the size of the nanoflowers is much
larger than the inner small spheres, this approximation is good enough
for the model fitting. Other models, combining the nanoflowers as
aggregate structure factors for the inner small spheres were tried
without good improvements in the fit. Therefore, this simpler approach
was used. The (U)SAXS data show that the nanoflowers present repul-
sive interactions, which promote a decrease in intensity at low angles.

This is taken into account by the hard sphere structure factor Sys(q), on
which one has the volume fraction of the particles nys and the effective
hard sphere radius Ryg [30]. A tentative sketch of the model is shown in
Fig. 8a.

The model fits are shown in Fig. 8b. Due to the large size of the
nanoflowers, smearing effects due to the beam size were taken into ac-
count [32], which explains the two curves for each dataset: one passing
by all the points and the other slightly off. The actual fitting curve, with
smearing effects included, is the one passing by all points, and the
original theoretical curves is taken assuming a point-like beam. As can
be seen, the fits can describe the main features of the obtained SAXS
data.

The obtained model parameters are represented in Table 3. For
comparison, in the last two rows of the tables, the overall size obtained
from the U/SAXS analysis and the values obtained by the TEM analysis
are mentioned. All in all, the values are in good agreement, but the
averaging from the U/SAXS data is obtained for a much larger number of
particles.

From the data analysis, it was possible to obtain several structural
features from the investigated system. Besides the overall size, which is
in very good agreement with TEM results, polydispersity levels and
details on the internal structure were obtained.

3.6. Particle size distribution within a single cluster

The magnified transmission electron microscopy image at a 20 nm
scale bar for a single cluster is displayed in the Fig. 9 (a, b) for the
A55HT16 and A55HT24 samples, respectively. It reveals that the cluster
is an accumulation of numbers of small nanoparticles. The size of
nanoparticles within a cluster is measured using the ImageJ software,
and the resultant data are fitted by lognormal distribution function using
Eq. (1). The particle size distribution with a lognormal fit (red line) is
shown in Fig. 9 (¢, d). The resultant size of particles determined for
AS55HT16 is 19.34 4 0.16 nm with a standard deviation of 0.06, and for
A55HT24, the size was 19.49 + 0.15 nm with a standard deviation of
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Fig. 8. (a) Sketch of the proposed model, (b) model fits for the investigated samples.

Table 3
Structural parameters obtained from U/SAXS analysis.

Parameters Sample
AS5HTS A55HT6 A55HT12 A55HT16 A55HT24

Rgs (nm) 50.0 + 68.3 + 61.4+0.8 27.9+£0.3 29.2 + 0.4
0.8 0.6

T (nm) 20.0 £ 395+ 429+ 0.5 20.1 £ 0.3 21.6 £ 0.3
0.7 0.3

ocs (nm) 7.3+£0.2 84+0.1 8.3+04 4.8 +£0.7 5.8+0.1

Apr 0.81 + 0.94 + 0.54 £ 0.57 £ 0.40 +
0.01 0.01 0.02 0.06 0.02

Nus 0.18 &+ 0.15 + 0.26 + 0.040 + 0.064 +
0.01 0.01 0.02 0.02 0.01

Rys (nm) 525 + 78.0 + 104.0 + 33.3+1.1 50.0 + 2.0
0.1 0.7 4.0

Rgpn (nm) ~3.5 ~3.5 ~3.5 ~3.5 ~3.5

Gsph (nm) ~1.7 ~1.7 ~1.7 ~1.7 ~1.7

Rg (nm) ~12.0 ~12.0 ~15.0 ~15.0 ~15.0

Size)saxs 140.0 + 216.0 + 209.0 + 96.0 £ 1.0 102.0 +

(nm) 2.0 1.0 2.0 1.0
Sizergm 158.1 + 218.3 + 208.5 + 106.8 + 114.8 +
(nm) 1.7 3.1 2.4 1.3 1.9

Sizeps (nm) 160.0 + 201.3 + 194.8 + 112.7 + 1135 +

0.5 0.9 0.9 0.5 0.3

0.06. The resultant size of particles is nearly the same as that obtained
from the crystallite size of samples using XRD.

3.7. BET measurement

The isotherms of Ng-based adsorption-desorption plots for all sam-
ples are depicted in Fig. 10. The resultant curves exhibit a H4 type of
hysteresis loop, which indicates the mesoporous structure of the nano-
flowers. The BET model was used to measure the surface area and pore
volume of the samples. The pore diameter of all the samples was char-
acterized by the BJH (Barrett-Joyner-Halenda) model. The outcomes of
mean pore diameter, surface area and pore volume of all the samples are
mentioned in Table 4. The results mentioned in Fig. 10 as well as Table 4
indicate that all the samples possess a high surface area and pore vol-
ume, confirming the porous structure of the samples. The maximum
pore volume of 0.398 cm®/g is observed in the A55HT16 sample.
Whereas sample A55HT12 has a smaller surface area among all samples.
This result can be correlated with the observed weight loss from TGA,

which is the minimum for this sample. The porous structure of the
nanoflowers will have advantage of encapsulating the drug inside them,
and then, with external stimuli, it can be released as and when needed.

3.8. VSM study

Fig. 11 (a) represents the room temperature response of specific
magnetization (6g) as a function of magnetic field (H) for TMAOH-
coated cluster samples characterized using VSM. It is seen that the
clusters are showing superparamagnetic behavior at room temperature;
the zoom image of the samples near to origin shows zero coercivity and
remanence in all the samples (refer the inset Fig. 11a). Similarly, the
magnetic response of uncoated clusters is also measured. Fig. 11 (b)
displays a typical comparison of coated and uncoated clusters for the
A55HT24 sample. The data were taken in small steps (0.0001 T) near
origin and the saturation (steps of 0.01 T) so that the accurate value of
initial susceptibility and saturation magnetization could be determined.
The initial susceptibility of the samples was determined by taking the
slope of the initial curve of the hysteresis loop in the low-field region
(0-0.0025 T). The saturation magnetization of the particles is deter-
mined from the intercept of the M versus 1/H curve. The resultant values
of initial susceptibility (yinj) and saturation magnetization (M) of un-
coated and coated clusters are shown in Fig. 11 (c) and 11 (d), respec-
tively. The saturation value of specific magnetization of the coated
clusters is higher than that of the uncoated clusters as observed from
Fig. 11 (d) except for the AS5HT5 sample, which has a lower saturation
magnetization for coated clusters than the uncoated clusters. The
reduction in Ms for AS5HT5 sample may be due to the presence of an
excess amount of surfactants as seen from the TGA results. The initial
susceptibility (mass) is also increased with coating for all the samples,
which may be due to the reduction in the particle-particle interaction.

Fig. 12 displays the magnetic response of TMAOH-coated A55HT5,
A55HT6, AS55HT12, A55HT16, and A55HT24 magnetic fluid samples.
The asymptotic behavior of the fluid sample is fitted using the core—shell
model [33] where a magnetic particle is assumed to have a magnetically
dead layer on the surface of the particle whose magnetic response is not
as similar as its core. This dead layer, along with the surfactant thick-
ness, contributes to the paramagnetic susceptibility. Hence, an existing
Langevin’s theory for superpamagnetic particles is modified using this.
The same is described as below.

For the core-shell model, we assume a particles volume distribution
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Table 4
Mean pore diameter, surface area and pore volume of nanoclusters synthesized
at different reaction time.

Sr. No. Sample Code Pore diameter Surface area Pore volume
(nm) (m%/g) (10° m?/kg)

1 A55HT5 19.78 43.8+0.1 0.165

2 A55HT6 5.12 83.3+0.3 0.104

3 A55HT12 8.87 43.4 £ 0.4 0.135

4 A55HT16 23.43 61.6 + 0.4 0.398

5 A55HT24 25.4 50.0 £ 0.3 0.349

with the log-normal probability density function as expressed in Eq. (4)

2
v
| —In (70)

ex
V2roV P 202

(V) edv = @

Where Vj and ¢ are the mean volume and standard deviation of volume,
respectively. In the magnetization curve of M versus H, the core-shell
model is expressed by Eq. (5)

M) (V) = / TFV) o ML(@) + 1y H ]V ®)

Where L(a) is the Langevin function, L(a) = coth (o) — 1/a. Here, a =

M,VH . . . . . _ 6 \3
oT> the magnetic particle size, Dynqg, is calculated using, Dy = (m)

and size distribution, op = §. The paramagnetic susceptibility (ypm) is
due to the paramagnetic shell’s finite thickness of 0.134 nm. The
magnetization curve was fitted using a core-shell model as expressed in
Eq. (5) and the magnetic parameters such as the magnetic size of the
particle (Dp,g), magnetic size distribution (op), saturation magnetiza-
tion (Ms), and paramagnetic susceptibility (ypm) were obtained by
keeping the domain magnetization of the particles (Mng sZng sFe204
composition) fixed at 740 kA/m [34], kg = 1.38x10 %2 J/K, the mea-
surement temperature T = 298 K as constant, and the resultant values of
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Fig. 12. Magnetic measurement curves of fluid samples (symbols) fitted with
the core-shell model (solid line).

the samples are mentioned in Table 5. The magnetic diameter obtained
by such fitting matches the crystallite size obtained from XRD except for
sample A55HT12. However, the polydispersity of these particles is

10

Table 5

Results of magnetic parameters determined from core-shell model fit.
Sample Dinag (nm) 6p Ms (Gauss) Apm
AS55HT5 13.04 0.40 2.28 1.0x10™*
A55HT6 10.36 0.10 3.58 3x10*
A55HT12 7.48 0.10 4.99 45x10°
A55HT16 14.59 0.49 0.72 21x10*
A55HT24 18.34 0.66 3.09 1.0x10™

observed to be high due to a collective effect of (i) the number density of
particles, (ii) the porosity of nanocluster, (iii) dipolar interaction be-
tween particles in a nanocluster. A detail and rigorous study is war-
ranted in future in this direction. We believe that the magnetic diameter
may be the effective diameter of the core of a cluster of a few hundred
nanometers. Upon application of the magnetic field, the constituent
particles rotate themselves in the field direction, and resulting in the
overall increase in magnetization upon increasing magnetic field
strength. The contribution of paramagnetic susceptibility needs to be
included to achieve the best fit.

An interesting behavior in the magnetization curve (Fig. 12) is
observed: a “shoulder” appears at the intermediate field in the M—H
curve, which is more pronounced in samples A5S5HT6, A5S5HT12, and
A55HT16. In samples AS5HT5 and A55HT24, this behavior is barely
seen. A non-monotonic increase in the magnetization is present in the
curves as the field increases. This type of behavior is neither expected
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nor observed in single-particle ferrofluids. A possible origin of this
behavior could be the Brownian rotation of the individual particles in-
side the particle’s cluster, imposed by the external magnetic field. If the
magnetic torque acting on the particle’s magnetic moment exceeds the
particle—particle interaction forces inside the cluster, the particles inside
the cluster may rotate to better align their magnetic moments to the
external field. This process leads to an increase in the magnetization
value, and this type of behavior is not expected in case the particles are
hindered from rotating. The interparticle forces may depend on the
synthesis conditions and coating of the clusters and could explain the
more pronounced behavior in some of the samples we analyzed. How-
ever, a more systematic study is necessary to explain this phenomenon.

3.9. MFH study

Induction heating characteristics of samples are measured at con-
stant frequency of 333 kHz and 10 kA/m magnetic field which is less
than the safety limit. The aim of performing the hyperthermia study is to
see that which sample satisfies the criteria of achieving the magnetic
fluid hyperthermia window temperature of 315-318 K within the safety
limit [35] of H-f = 5.10° Am's~! with the minimum concentration of
particles. The concentration of magnetic fluid was fixed at 1.7 mg/mL to
measure the heating efficiency of magnetic fluid. According to the
Rosensweig’s model [2], power (P) dissipated per unit mass is given by
Eq. (6),

[0
1+ w72

P = pooHgy fH (6)
Here, @ and y, indicates the frequency and initial susceptibility. The
induced heat is quantified by the specific absorption rate (SAR) which is
the heat generated per unit mass (W/g) of a sample. In terms of the
experimental estimation, it depends on the rise in temperature of mag-
netic fluid as a function of time under the constant magnetic field and
frequency. The initial rate of temperature rise and the saturation tem-
perature can be obtained using the Box-Lucas fit [36] to the experi-
mental data and the product of this yield denotes the value of dT/dt
(slope of Temperature versus time plot), which is utilized to compute the
SAR. The hyperthermic response data is fitted using the Box-Lucas
model Eq. (7) given by,

_ efm)

T() =A(1 @)

Where, T (t) is a temperature with respect to time t, A is the satu-
ration temperature and B is the heating rate. The temperature rise with
respect to time for all samples fitted using Box-Lucas Eq. (7) is displayed
in Fig. 13(a) (solid line). It is seen from the figure that the temperature
rises asymptotically and then reaching to a saturation due to a fact that
induction heating is an adiabatic heating process. This is a typical
behavior observed when magnetic particles acquire heat as a result of
moment fluctuations brought on by either Neel or Brownian rotation in
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the liquid dispersion. In contrast to the regular behavior (smooth
growing behavior), the atypical behavior (discreteness) is observed at
the intermediate time in nearly all of the samples. This might be due to a
reorientation of the single particles within a nanocluster upon exposure
of alternating magnetic field. However, the position for this discreteness
is variable for the different samples mainly due to different size and size
distribution of particles inside a nanocluster.

The specific absorption rate (SAR) of the magnetic fluid from heating
curve was calculated using the SAR formula as mentioned in Eq. (8).

SAR:CFo¥o !

(C))
(pmagnez[c

Where, C, is the combined specific heat capacity of magnetic parti-
cles and carrier liquid, 4T is the slope of the rise in temperature versus
time graph and ¢,,qz,.. is the weight fraction of magnetic particles. The
specific heat capacity of particles and carrier (water) was taken as 0.67
and 4.187 Jg'K~!, respectively. The same fitting parameters was
applied for all synthesized samples.

The heating response of all the samples is represented in Fig. 13 (b).
The sample A55HT16 has the highest heating response of 360.9 + 1.2
W/gre as compared to other samples This is due to the small cluster size
of 106.8 nm with the highest pore volume of 0.398 cm®/g and the
highest saturation magnetization of 79.08 Am?/kg. It demonstrates that
in the AS5HT16 sample, the maximum heating response is observed at
360.9 £ 1.2 W/gnag. The influence of hyperthermia on nanocluster sizes
suggests that larger nanoclusters will result in a slower heating response.

The maximum SAR of 77.08 W/gg. for a monodispersed iron oxide
magnetic nanocluster was obtained in the MFH study published by
Ganesan et al. [12] at a frequency of 126 kHz and a field of 31.6 kA/m.
Similar to this, Jamir et al. [18] conducted experiments using MFH at
336 kHz frequency, 14.92 kA/m magnetic field and 1 mg/mL concen-
tration of FesO4 monodispersed magnetic nanoclusters coated with
chitosan and dextran. Their results showed that the SAR for dextran-
coated materials reduced from 233.28 W/g to 119.18 W/g as concen-
tration increase from 1 to 3 mg/mL, while the SAR for chitosan-coated
nanoclusters decreased from 161.15 to 114.31 W/g. Another experi-
ment for the MFH study (f: 500 kHz; H: 37.4 kA/m; concentration: 1 mg/
mL; time: 10 min) of different sizes of nanoclusters from 25 nm to 300
nm was performed by Jeong et al. [11].They observed that, as the size of
nanoclusters increases, the SAR value decreases. Similarly, Herynek
et al. [37] have reported the applicability of manganeze-zinc ferrite as
an efficient and safe nanolabel for cell imaging and in vivo tracking.

4. Conclusion

We report the synthesis of monodispersed Mng 5Zn sFe2O4 magnetic
nanoclusters with a controllable size using a hydrothermal method. The
size of the nanoclusters was tuned by changing the reaction time from 5
to 24 h. The synthesized nanoclusters were characterized using XRD,
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Fig. 13. (a) The plot of temperature versus time for Mng sZng sFe>04 nanoflowers synthesized by hydrothermal route for different time at fixed parameters such as,
333 kHz frequency, 10 kA/m magnetic field and 1.7 mg/mL concentration (b) SAR variation for all samples.
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FTIR, TGA, TEM, DLS, Zeta potential, U/SAXS, BET, and VSM. The XRD
pattern confirms the pure FCC crystal structure of all the samples. The
XRD results also confirm that the crystallinity of the particles increases
as the reaction time increases. The coating of TMAOH on the surface was
confirmed by FTIR and TGA. TEM indicates that magnetic nanoclusters
are spherical nanoflowers and monodispersed in nature, with a tunable
size range of 107 nm to 218 nm. The hydrodynamic size of nanoclusters
from intensity distribution agrees well with the TEM results, and also no
extra peak was found in the DLS results confirming that there is no ag-
gregation of clusters present in the samples. The good colloidal stability
of magnetic fluid was confirmed by zeta potential ({ < — 40 mV). The U/
SAXS results indicate that the system is an accumulation of small par-
ticles of ~ 7 nm forming a cluster of ~ 107-218 nm and entrapping some
kind of polymer inside the cluster. All the samples are fitted with a
model representing a core-shell structure with a core size comparable to
that obtained from other techniques like TEM and DLS. Also, the size of
the small particles inside the cluster is about 13-19 nm obtained from
the XRD, whereas 19-24 nm is revealed from TEM measurement.

The adsorption-desorption isotherm plots measured using BET
demonstrate that all the samples exhibit a H4 type of hysteresis loop,
which indicates the mesoporous structure of the nanoflowers. The re-
sults also indicate that all the samples possess a high surface area and
pore volume, confirming the porous structure of the samples. The
maximum pore volume of 0.398 cm®/g is observed in the AS5HT16
sample.

The magnetic size is about 7.48 to 18.34 nm, again obtained from the
core-shell model fitted with the magnetization data. The thickness of the
shell contributes to paramagnetic susceptibility. The synthesized nano-
clusters were further investigated for the induction heating experiment;
results revealed that the maximum heating response was received in the
AS5HT16 sample with a SAR of 360.9 & 1.2 W/gp,g. The results of the
heating response show that as the density of the cluster and cluster size
increase, the SAR value decreases. These magnetic nanoclusters have a
porous structure that could be have an efficiency to load a drug inside
the void, rendering their possible application in targeted drug delivery
and magnetic fluid hyperthermia combined with chemotherapy.
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