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Abstract Magnetic properties of nanoparticles are size dependent and surface grafting of nanoparticles not only prevents their
agglomeration but can also lead to effective domains separation. Present study deals with the synthesis of manganese oxide
nanoparticles (< 5 nm) by microwave assisted solvothermal process and its grafting with poly L-lactic acid by a self-catalyzed
ring opening polymerization of L-lactide. The Mn3;O,4 nanoparticles and Mn3O,/PLLA nanocomposite were characterized by
many analytical techniques such as FT-IR, TEM, '"H NMR, '*C NMR, XRD, XPS, TGA and DSC etc. The magnetic properties
of nanoparticles and nanocomposites were studied using VSM and SQUID showed marked shift in magnetic behavior of Mn;0,
nanoparticles which were super paramagnetic, on coating with PLLA.
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Introduction

In the past few years efforts have been made to develop and
characterize nanomaterials having unique properties (optical,
electrical or magnetic). Due to such properties these
nanomaterials have found applications in the field of electron-
ics, optics, aerospace, medicine, fuel cells etc. [1, 2].
Especially noteworthy is their contribution in the field of bio-
medicine and biotechnology as nanoparticles can interact with
biological systems at the molecular level [3, 4]. Among the
variety of nanomaterials investigated for biomedical applica-
tions, magnetic nanoparticles play a prominent role in the area
of magnetic separation [5], biosensors [6], contrast agents for
magnetic resonance imaging, [7-9], drug delivery [10-12]
tissue repair [13], hyperthermia [14, 15] storage of informa-
tion [16] color imaging [17], and magnetic refrigeration [18]
etc. Therefore synthesizing nanoparticles with magnetic
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properties is very important [19, 20]. The main features affect-
ing the magnetic properties of materials are particle size, sur-
face aspects and domain separation [21, 22].

Till date, iron oxide nanoparticles are the most frequently
employed materials for magnetic and electrical properties
[23]. Magnetic properties of oxides of manganese are compar-
atively less explored in spite of their low cost and low toxicity.
In comparison to other electrically conductive metal oxides,
manganese oxide stores electrical charge by double insertion
of electrons and cations into the solid state [20]. Manganese
shows many oxidation states (Il -IV) and hence a large num-
ber of manganese oxides such as MnO, Mn,O3 and Mn;Oy,
are possible [24]. Magnetic properties of materials shows
drastic change when particle size become similar to the dis-
tinctive length of magnetic interaction or length of spin diffu-
sion implying that nanoscale material can have magnetic prop-
erties different from bulk form [21, 22]. The magnetic prop-
erties of manganese oxides vary from anti ferromagnetic to
ferromagnetic. These properties depend on three factors oxi-
dation state, crystal structure and the finite size [24]. The most
stable among the oxides of manganese, Mn30y is a soft mag-
netic material and its magnetic properties at nanoscale are of
great interest for researchers [25]. As the nanoparticles are
prone to agglomeration due to high surface energy, their sta-
bility and hence, the magnetic properties can be enhanced by
coating them with suitable agents. Polymer coating, especially
by grafting onto surface of nanoparticles, can enhance their
magnetic properties immensely by efficient domain
separation.
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In the present work we report synthesis of Mn;O4 nanopar-
ticles by microwave enhanced solvothermal process and
grafted them with PLLA a renewable and biodegradable poly-
mer [26]. The effect of polylactide coating on the magnetic
properties of nanocomparticles was studied. PLLA was
grafted onto manganese oxide by self-catalyzed ring opening
polymerization of L-lactide. Polymerization was carried out
by taking various concentrations of nanoparticles and
resulting composites were characterized using various analyt-
ical techniques Such as TEM, SEM, IR, NMR, TGA and
DSC. At 5% Mn3;04/PLLA beautiful core shell structures
were observed and this material was studied for its magnetic
properties using VSM and SQUID.

Experimental
Material

All chemicals used were of analytical grade or of highest
purity available. L-lactide was purchased from Aldrich.
Manganese acetate was purchased from Qualigens fine
chemicals. All the chemicals were used as received.

Synthesis of Mn;0, nanoparticles

Mn3;0,4 nanoparticles were synthesized by microwave en-
hanced solvo thermal hydrolysis using manganese acetate
and benzyl alcohol. CEM microwave operating with a power
output that can be varied between 0 and 300 W was used. The
solution was swiftly stirred by a magnetic stir bar to ensure
homogeneity. The exposure time and temperature were pro-
grammed. In a 5 mL vessel, | mmol of manganese acetate and
5 mL of benzyl alcohol were placed with a magnetic bar [27].
This mixture was microwave heated at 60 °C for 3 min. Then
the reaction temperature was elevated to 160 °C and kept at
this temperature for 20 min. The product was collected,
washed with methanol, diethyl ether and dried in oven over-
night at 50 °C. Further, the nanoparticles formed were cal-
cined in muftle furnace at 500 °C for 4 h.

PLLA grafted Mn;0,4 nanoparticles

Different amounts of Mn;O,4 nanoparticles were dispersed in
20 ml 1, 4-dioxane in a 50 mL round bottom flask. Reaction
mixture was stirred at 60 °C using a magnetic stirrer to uni-
formly disperse the nanoparticles. The temperature was raised
to 80 °C after the addition of 1 g of L-Lactide. The solvent was
distilled off using vacuum and the temperature increased to
160 °C. After 4 h the reaction was quenched by cooling. The
gelatinous mass was dispersed in chloroform, filtered and the
residue washed with methanol. The product (Scheme 1) thus
obtained was dried in a desiccators.
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Instrumentation

Shimadzu FTIR spectrophotometer was used to analyze the
synthesized compounds. Anhydrous KBr and sample were
crushed using mortar pestle. Using this mixture thin pellets
were made and further analysis was done.

The Transmission electron microscope (TEM) images were
recorded on Hitachi (H-7500). The sample was finely pow-
dered and dispersed in ethanol. One drop from this dispersion
was kept on a 200 mesh carbon coated copper grid. After
evaporating solvent, recording of images at different magnifi-
cations was done.

To study the surface morphology of synthesized nanocom-
posites Scanning Electron Microscope (SEM) Model
JSM6100 (Jeol) with acceleration voltage range of 0.3 to
30 kV, working distance of 648 nm, was used.

The powder XRD of the nanoparticles was recorded on
Panalytical X Pert Pro using Cu Ko radiation (= 1.54060 A)
and a filter of nickel at 40 kV and 40 mA with step size 0.03
and count time 0.7 s.

'3C NMR and"H NMR spectra were recorded with Bruker
Avance 11 400 MHz NMR spectrophotometer with CDCl; as
solvent and TMS as an internal standard at room temperature.

To study thermal properties of the nanocomposites,
Differential scanning calorimeter DSC-60 of Shimadzu was
used.5 mg of the sample was placed on an aluminium pan,
sealed and heated up to 100 °C. After cooling it to room
temperature it was again scanned from ambient to 300 °C at
a rate of 10 °C / min. Thermal stability of samples were de-
termined using Thermogravimetric Analysis (TGA, Shimadzu
DTG-60H). The samples were heated at the rate of 10 °C / min
under nitrogen atmosphere.

XPS measurements were conducted at an ultrahigh vacuum
(UHV) multipurpose surface analysis system (SpecsTM mod-
el, Germany) at the SCAI in Universidad de Cordoba (Spain),
operating at pressures <10—14 MPa using a conventional X-
Ray source (XR-50, Specs, Mg—K, 1253.6 ¢V) in a “stop-and-
go” mode to reduce potential damage due to sample irradia-
tion. The survey and detailed high resolution spectra (pass
energy 25 and 10 eV, step size 1 and 0.1 eV, respectively)
were recorded at room temperature using a Phoibos150-
MCD energy analyzer. Powdered samples were deposited on
a sample holder using double sided adhesive tape and subse-
quently evacuated under vacuum (<10-6 Torr) overnight.
Eventually, the sample holder containing the degassed sample
was transferred to the analysis chamber for XPS studies.

Magnetic properties of nanoparticles were measured by
means of PAR 155 vibrating sample magnetometer (VSM)
at room temperature from —10 to +10 kOe. The sample is
rotated up to 360° w.r.t magnetic field and recorded in X-Y/
(t) recorder.

The magnetic measurements were also performed on
superconducting quantum interference device (SQUID)
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Fig. 1 TEM images of Mn;0,
nanoparticles

magnetometer (Quantum design MPMS XL-Evercool). The
temperature ranged from 5 to 300 K in a zero-field cooling/
field cooling (ZFC/FC) procedure at 100 Oe.

Results and discussion

The Mn3;0,4 nanoparticles were synthesized by microwave
assisted solvo thermal process which involved trans-
esterification of benzyl alcohol and manganese acetate. The syn-
thesized nanoparticles were calcined at 500 °C. Bilecka et al. [27]
have reported nanoparticles of various oxides from different pre-
cursors. However, prepared with slight modified procedure, our
results showed that nanoparticles obtained from manganese ace-
tate as precursor are that of Mn;O,. This was confirmed by XRD
and the magnetic properties observed by VSM and SQUID.

Transmission electron microscopy is a useful tool to deter-
mine the size and shape of nanoparticles. TEM images of syn-
thesized M0, nanoparticles are shown in the Fig. 1. The nano-
particles are almost spherical in shape and most of nanoparticles
have size ranging from 1 to 3 nm. The blurriness of TEM images
is due to magnetic nature of the Mn;O,4 nanoparticles.

XRD of the calcined nanoparticle and non-calcined nano-
particle is shown in the Fig. 2. It can be seen that phase
boundaries are not well defined in as prepared sample.
However, after calcination these became clear and the diffrac-
tion pattern obtained was compared with the standard.

Frequency(%e)

CH,

g
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Obtained values confirm the formation of tetragonal phase
of Mn3;0y in accordance with JCPDS 24-0735. The diffrac-
tion peaks were recorded and unit cell parameters were calcu-
lated (a=b=5.761 A, c=9.46). These were comparable to
the standard JCPDS values (a=b=5.762 A, c=9.46 A).
The unit cell volume calculation (Table 1) of the particles is
in agreement with the standard values [28].
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Fig. 2 XRD pattern of (a) Calcined and (b) Non calcined Mn;04
Nanoparticles
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Table 1 Calculated lattice

parameters and unit cell volume Observed d spacing ~ JCPDS values  (hkl) Lattice parameter Volume of unit cell A
Calculated ~ Standard ~ Calculated Standard

3.102 3.089 (112)  a=5.761 a=5.762 V=313.9690 V=314.407
2.776 2.768 103)  p=5761 b=5762
2.487 2.487 (202)  ._9.46 =946
2.039 2.0369 (220)
1.795 1.798 (105)
1.545 1.544 (224)

Surface grafting of metal oxide nanoparticles is a useful tool
to stabilize them and prevent their aggregation. It was carried
out by ring opening polymerization of L-lactide. Many metal
oxides have been reported as catalyst for the ring opening po-
lymerization of L-lactide [29, 30]. To the best of our knowledge
manganese oxide has not been tried as catalyst. With an aim to
graft polymer onto the surface of nanoparticle we checked
whether Mn; O4 can catalyze ring opening of L-lactide and
got wonderful results. A series of polymerization reactions
were carried out with concentration of metal oxide varying
from 0.5 to 20% and polymerization confirmed by FTIR.
Infrared spectrum of manganese oxide nanoparticles showed
a few bands only due to stretching of metal oxide bonds,
whereas those of nanocomposite showed a number of bands

pertaining to the different groups present in the polymer chain.
The results are depicted in Fig. 3. Only two main absorption
bands observed at 520 and 633 cm ' in the IR spectrum of
Mn;0,4 were attributed to the stretching modes of Mn-O.
Presence of small broad absorption peaks between 3560 and
3500 cm ™! indicated the presence of surface hydroxyl groups.
In the FTIR spectrum of Mn;O4/PLLA the most intense band at
1758 cm™" was attributed to the ester group of PLLA main
chain. The peaks at 1270, 1189 and 1132 cm ! were attributed
to -C-O stretching vibrations of ester in the main chain. The
asymmetrical and symmetrical -CHj stretching of the methyl
group in the side chains were observed at 2999 and 2881 cm .
The bending vibration of -CH;z group was noticed at
1458 cm™'. The stretching of -CH group present in the

Fig. 3 FT-IR of Mn;04 A
nanoparticles, Mn;O,/PLLA

nanocomposite (5% and 10%)

Mn:O4 nanoparticle

W
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Fig. 5 TGA thermograms of Mn;O,/PLLA

main chain of PLLA was observed at 2944 cm ™' and the
corresponding bending vibration appeared between 1386
and 1362 cm™'. A small peak observed at 1621—
1604 cm ™' in the FT-IR spectrum of 5% nanocomposite
was assigned to the O-C-O stretching of the chain ending car-
boxylate group through which the chain is attached to metal
oxide surface. This peak increased in size with increase in metal
oxide content in the Mn;O4/PLLA. Some workers observed that
splitting of this band does not occur and in some cases proximity
to the Mn;O,4 nanoparticles may cause shift in the peak values.

NMR is another useful tool to confirm the formation of
polymer chains. ' H NMR spectra of different Mn;O4
/PLLA nanocomposites were taken but due to decreased sol-
ubility of the nanocomposite with increase in metal oxide
content, no estimation of chain length was possible [See
ESI]. "H NMR spectra of Mn3O4/PLLA are shown in the
Fig. 4. The methine and methyl proton of the PLLA main
chain were indentified due to peaks at 5.16 and 1.56 ppm
respectively. The small peak at 3.75 ppm corresponds to hy-
droxyl end group. Another small peak at 4.36 ppm was
assigned to the methine proton attached to terminal hydroxyl
group. The optical purity of L-lactide was indicated by a quar-
tet at 5.16 ppm. The peak at 7.82 ppm was due to CDCl;. In
the 'C NMR (Fig. 5) of 2% Mn30,4/PLLA nanocomposite
three major peaks were observed. The peak at 16.65 ppm was
assigned to methyl group, 69.01 ppm to methine group and
169.62 ppm to carbonyl carbon. The triplet at 77.36 ppm is
due to CDCls.

Thermal properties of synthesized nanocomposites were
studied by TGA and DSC. Thermogravimetric analysis of
nanocomposites was carried out to calculate the amount of
polymer material incorporated into composite. TGA thermo-
grams of Mn3;0O4/PLLA nanocomposites with different

DSC

100 200
Temp|[C]

Fig. 6 DSC thermograms of nanocomposites (0.5%, 2%, 5%)

concentrations of Mn30,4 were carried out under nitrogen at-
mosphere and results are shown in Fig. 5. The weight loss (%)
because of volatile products formed after decomposition was
observed as a function of temperature. The degradation of
polylactic acid chain occurs via unzipping mechanism.
Initially degradation of nanocomposites was slow which was
attributed to moisture present in it and unreacted monomers.
In the end the degradation was fast because unzipping of
polymer chain occured. The degradation patterns were found
to be similar in (1%, 2% and 5%). Results summarized in
Table 2 show decomposition temperatures for the composites
are above 230 °C and the amount of residue left increases with
the increase in the quantity of nanoparticles.

Differential scanning calorimetry is widely used to study
thermal transitions. Glass transition temperature was not ob-
served in any of the DSC thermograms (Fig. 6) and this was
similar to our earlier observations with ZnO/PLLA nanocom-
posites [30]. Further the first small dip in the graph corresponds
to the melting point of polymer and the data is given in Table 2.
Melting point of various nanocomposites varied from 137 to
140 °C. This is considerably lower than that reported for pure
PLLA. Also it was observed that at 0.5% of Mn;O,4 probably
two phases are present which melt at two different tempera-
tures. These phase separation disappeared at higher loading of
catalyst. At 5% loading a broad peak was observed and this
point corresponded to the core/shell morphology observed by
TEM. From both the TGA and DSC thermograms it was con-
cluded that the decomposition of nanocomposite starts at
around 220-260 °C.

The morphology of nanocomposites and size of nanoparti-
cles was found from TEM images. At 2% loading it was ob-
served that nanoparticles are uniformly dispersed in polymer
matrix (Fig. SI). However, in the case of 5% Mn;O4/PLLA

Table 2 Summary of data

derived from TGA and DSC Sr.No Mn;04/PLLA Decomposition Decomposition Residue left at 300 °C Tm (°C)
curves starts(°C) ends (°C) (%)

1 0.5% 260 290 1.99 137.9

2 1% 230 260 2.78 139.1

3 2% 250 280 2.38 140.2

4 5% 250 290 5.68 139.3
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core shell type morphology of nanocomposite was ob-
served [31]. The size of spherical core shell particles varied
between 70 to 180 nm. However, most of the particles were
of less than 100 nm dimension. SEM image of 5% Mn;0,/
PLLA (Fig. 7) taken from powdered sample showed small
globules but they were tightly adhering to each other.
EDAX analysis of 5% Mn;04/PLLA showed 54.14% of car-
bon, 42.92% of oxygen and 2.94% of manganese (Fig. S3).
As these values are area specific they may vary slightly from
actual values.

XPS analysis gives the elemental composition of the sur-
face atoms of nanocomposite. Figure 8 shows XPS analysis of
5% Mn;04/PLLA nanocomposite. XPS analysis of MnzO,/
PLLA showed peaks corresponding to Mn 2p, C 1 sand O 1 s.
The Mn 2p XPS spectra of composite exhibited two peaks at
642.9 and 641.0 eV corresponding to Mn 2p,;, and Mn 2p;,
spin orbital states of Mn3zOy respectively [32]. It was observed
that there is energy separation of 11.9 eV between Mn2p 3,
and Mn2p; , peaks which is in accordance with the reported
data of Mn 2p;, and Mn 2p5, in the spectrum of Mn;O4 [33].
There are four peaks of Cls for Mn;O4/PLLA in which are
284.94, 286.47, 289.76 ¢V were assigned to C-C, C- O and
C =0 respectively and the one at 288.80 eV to carboxylic
group coordinating with Mn. Peaks observed in deconvoluted
spectrum of Ols were 532.08, 532.36, 533.43 and 534.61 eV

Fig. 7 (a) and (b) are TEM
images of 5% Mn3;0,/PLLA core
shell nanocomposite (¢) and (d)
are SEM images 5% Mn30,/
PLLA nanocomposite.
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which were assigned to Mn-O, C-O, C = O and H-O-H respec-
tively [34].

Magnetization of nanoparticles and that of polymer coated
nanoparticles was studied to check the effect of polymer coat-
ing on magnetic properties of the synthesized nanoparticles.
Vibrating spin magnetometer (VSM) and Superconducting
Quantum Interference Device (SQUID) were used to
measure magnetic properties of both coated and uncoated
nanoparticles. The magnetization curve of Mn3O,4
nanoparticles at room temperature is shown in the Fig. 9a.
The M-H curve is found to be linear with the fields and has
zero coercivity at room temperature [35]. It has been reported
that the hysteresis in the single-domain ferrimagnetic particles
disappears, as particle size becomes small. This state of ferri-
magnetism is called “superparamagnetism”. In this case no
hysteresis was found in M—H curve. Even when high magnet-
ic field was applied the magnetization never became saturated.
As the maximum anisotropy energy becomes close to the
thermal energy at the room temperature, the process of flip-
ping of the single-domain spin of nanoparticles becomes un-
inhibited [36] and magnetization curve shows no hysteresis
which indicates the superparamagnetic character of the
Mn;0,4 nanoparticles [37, 38]. However, at a certain low tem-
perature the situation may change and this was studied by
SQUID analysis.

130-1%0 160-180
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SQUID magnetometer was used to study the magnetic
properties of nanoparticles at different temperature (Fig. 9b).
The temperature dependence of magnetization of the sample
was measured with the use of zero field cooling (ZFC) and
field cooling (FC) procedures in the applied magnetic field of
100 Oe at temperature between 5 to 300 K. There was pro-
nounced difference between the two curves and phenomenon
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of superparamagnetic blocking of magnetic nanoparticles was
clearly observed. The uncoated particles are ferromagnetic
and show some ferromagnetic interaction between each other.
The temperature where the two curves split is known as the
blocking temperature and it was observed at 40 K. Above this
temperature the particles are still ferromagnetically ordered,
but the magnetization of each particle is pointing in a random

Fig.9 Hysteresis loop and plotof @ b
magnetization vs temperature of @ 800 7 a ZFC
Mn;04 NPs at 100 Oe 3 6 e FC
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Fig. 10 Magnetization curve a 008 b
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direction. Essentially the system behaves like a paramagnet
and such a paramagnet is called a superparamagnet as the
individual moments are not those of the individual atoms but
those of the individual particles. Below this blocking temper-
ature, the magnetization of a particle is no longer free to rotate
on the time scale of the experiment but is frozen in a certain
orientation. This freezing of the orientation is dictated by the
applied field and the interaction between particles. Hence, the
pronounced difference between ZFC and FC. Literature avail-
able on the magnetic behaviour of Mn3O,4 nanoparticles also
supports this observation [39-41].

To study magnetization of the nanocomposite, two differ-
ent concentrations were prepared i. e. 5% Mnz0,4 / PLLA and
20% Mn30, / PLLA. The temperature dependence of magne-
tization on 5% and 20% Mn30, /PLLA is shown in Fig. 10.
The FC magnetization curve was an exact duplicate of the
ZFC pattern in both the cases, which demonstrates that only
one magnetic phase exists [42, 43]. There is no pronounced
blocking temperature anymore. The loss of splitting between
ZFC and FC can be due to many reasons. It may be due to
stress caused by different expansion rates of nanoparticles and
polymer or it may be due to large paramagnetic contribution
of individual nanoparticles [44] In addition it may also be that
the interaction between the particles is completely suppressed
after polymer coating. Further, studies to understand this be-
havior is in progress.

Conclusion

We have successfully synthesized Mn;0,4 nanoparticles of
size 1-3 nm by microwave enhanced process. We were also
able to coat synthesized Mn3O,4 nanoparticles by PLLA
resulting in core shell structures in a facile single step. It was
concluded that Mn3O,4 nanoparticles can catalyse ring opening
polymerization of L-lactide and result in surface grafting.
VSM and SQUID studies of nanoparticles showed that indi-
vidual Mn;0,4 nanoparticles were ferromagnetic but behaved
as superparamagnetic above blocking temperature of 40 K.
However, after surface grafting no noticeable blocking

@ Springer

temperature was observed either due to stress caused by sur-
face grafting or complete loss of interactions between individ-
ual particles. Further work is in progress to understand the
magnetic behavior of Mn;O4/PLLA nanocomposites.
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