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Abstract: Thermal decomposition, as the main synthetic

procedure for the synthesis of magnetic nanoparticles (NPs),
is facing several problems, such as high reaction tempera-
tures and time consumption. An improved a microwave-as-

sisted thermal decomposition procedure has been devel-
oped by which monodisperse Fe3O4 NPs could be rapidly

produced at a low aging temperature with high yield
(90.1 %). The as-synthesized NPs show excellent inductive

heating and MRI properties in vitro. In contrast, Fe3O4 NPs

synthesized by classical thermal decomposition were ob-

tained in very low yield (20.3 %) with an overall poor quality.

It was found for the first time that, besides precursors and
solvents, magnetic NPs themselves could be heated by mi-
crowave irradiation during the synthetic process. These find-

ings were demonstrated by a series of microwave-heating
experiments, Raman spectroscopy and vector-network analy-

sis, indicating that the initially formed magnetic Fe3O4 parti-
cles were able to transform microwave energy into heat di-

rectly and, thus, contribute to the nanoparticle growth.

Introduction

Owing to their unique magnetic properties magnetite (Fe3O4)
NPs represent an emerging class of multifunctional biomedical
materials that have been used in magnetic fluid hyperthermia

applications, magnetic resonance imaging (MRI), immunoas-
says, catalysis, and targeted drug delivery.[1–6] In spite of in-

creasing research efforts, the controllable and stable produc-
tion of uniform NPs on a commercial scale still remains a great
challenge. Taking into account that the preparation of Fe3O4

NPs has made immense progress in the past few years, current

synthetic methods are still based on conventional routes,
which have been comprehensively summarized by Lu and co-
workers, also listing the advantages and disadvantages of the

different synthetic strategies.[7] Among them, the thermal de-
composition technique enjoys a high reputation in regard to

the preparation of high-quality materials, consequently many
cases for the thermal decomposition synthesis of magnetic

NPs with well-defined morphologies and narrow size distribu-
tions can be found in literature.[8–13] Our previous study report-
ed the shape evolution of ferrite nanostructures with high-per-

formance, resulting in magnetic nanomaterials that exhibit an
enhanced functionality for MRI and hyperthermia.[14]

Since the reaction temperature is a key factor for the precise
control of the NP monodispersity, thermal decompositions

were generally performed at high temperatures around 300 8C
to efficiently overcome activation energies. This assumption
was well supported by a study of Hyeon et.al,[15] in which
Fe3O4 NPs could hardly be formed when the reaction was car-
ried out at low aging temperature of 240 8C, even when sus-

tained for 1 day. Since the heat that was generated from a con-
vective heating field was too low to meet the requirements of

the different temperature dependences of the reaction kinet-
ics, the vast majority of the NPs was amorphous. However,
when the aging temperature was raised to 260 8C for 1 day,

polydisperse NPs with poor crystallinity were finally obtained.
Evidently, the inevitable problems, such as the relatively harsh

reaction conditions, the high energy consumption, and the
thermal gradient caused by the convective heating mode,
hinder further applications of thermal decomposition methods.

Therefore, a new energy-efficient and rapid approach for the
sustainable production of high quality Fe3O4 NPs has become

a particularly urgent need.
Microwave processes in general are energy and time saving,

and the homogeneous heating as well as the reaction selectivi-
ty effectively reduce thermal gradient effects, thus, leading to
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better results.[16–19] For example, Strouse and co-workers[20]

made a systematic study on how to achieve microwave-en-

hanced reaction rates. Later Kappe et al.[21] investigated the mi-
crowave effects on SiC (silicon carbide) vials, which could sepa-

rate thermal from nonthermal effects to allow a rapid heat ex-
change with the reaction media. So far, studies for the rapid

synthesis of Fe3O4 NPs have mostly employed microwave-as-
sisted hydro- or solvothermal routes, which entirely depend on
polar or ionic solvent systems.[22–24] However, there are only

a few reports about microwave-assisted thermal decomposi-
tions carried out in nonpolar or weakly polar solvent systems.
Hence, the further exploration of this synthetic process is par-
ticularly important, not only to study the reaction status under
the microwave effect, but hopefully to circumvent the bottle-
necks of thermal decomposition methods for the preparation

of NPs.

Herein we present a microwave-assisted thermal decomposi-
tion procedure for the preparation of monodisperse Fe3O4 NPs.

The classical thermal decomposition was chosen as a reference
to compare and discuss the impact of the microwave irradia-

tion on the overall quality of the synthesized Fe3O4 NPs. Enor-
mous differences in terms of yield and performance between

the two procedures were found under otherwise identical reac-

tion conditions. To understand the microwave synthetic pro-
cess, experiments to evaluate the heating efficiency and micro-

wave absorptivity of the additives and as-synthesized Fe3O4

NPs were carried out under high(max. 850 W) or restricted mi-

crowave power (max. 200 W). The time to reach the setting re-
action temperature is a key feature and a fiber-optic probe

was used for the real-time temperature tracking. The results
from using two different reaction vials (i.e. , a nearly micro-

wave-transparent Pyrex vial and a highly microwave absorptive
SiC vial) clearly indicated that the as-synthesized Fe3O4 NPs

themselves (besides solvents and precursors) possess the abili-
ty to absorb microwaves. Electromagnetic measurements for

the precursor and the Fe3O4 NPs further confirmed that as-syn-
thesized NPs have a strong microwave dissipation at the used
frequency of 2.45 GHz, which is responsible for the conversion

of microwave irradiation to heat that finally leads to the ultra-
fast formation of the NPs.

Results and Discussion

Structural characteristics

TEM and high-resolution TEM (HRTEM) images and selective

area electron diffraction (SAED) patterns of the NPs are shown
in Figure 1. TEM images demonstrate that the as-synthesized

NPs by the microwave procedure are monodisperse with
a spherical shape (Figure 1 A). Based on the result of HRTEM,

microwave-formed NPs show a single-crystal structure and the
lattice spacing of 0.216 nm and 0.254 nm could be assigned to

the (400) and (311) planes of magnetite (Figure 1 B), respective-
ly. In contrast the NPs formed by the classical thermal decom-
position under identical conditions are polydisperse (Fig-
ure 1 D) with a lattice spacing of 0.294 nm for the (220) planes
of magnetite (Figure 1 E). Additionally, the SAED patterns of

the NPs formed by both procedures exhibit diffraction rings

Figure 1. TEM images with corresponding size distribution histograms, high-resolution TEM (HRTEM) images, and SAED (selected area electron diffraction) pat-
terns for Fe3O4 NPs obtained by A–C) microwave and D–F) thermal decomposition.
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that can be attributed to the randomness of the particle orien-
tations (Figures 1 C, F). The X-ray diffraction (XRD) patterns of

the NPs (Figure S1 in the Supporting Information), which are
consistent with the SAED results, further reveal that the NPs

are crystalline Fe3O4 (JCPDS no. 89-4319).[25] However, com-
pared with the NPs formed by thermal decomposition, the mi-

crowave-formed NPs exhibited a more intense diffraction pat-
tern and thus possess a higher crystallinity.

Magnetic characteristics

Magnetic properties that connect very directly to biomedical
applications are strongly influenced by the NP size, crystallinity,

and morphology. The results from vibrating sample magneto-
meter (VSM) measurements show a magnetic saturation value

of about 76 emu g¢1 of the roughly 6 nm microwave-formed

NPs that is higher than the values reported in the literature
(Figure 2 A).[26] However, the NPs formed by thermal decompo-

sition exhibit a severely reduced saturation magnetization of
roughly 25 emu g¢1 (Figure 2 B), which was attributed to the
low crystallinity, as demonstrated above.[27–29] The insets in Fig-

ures 2 A and B depict hysteresis loops that cross the origin, in-
dicating that almost no coercivity and remnant magnetization

were observed (super-paramagnetism). In addition, in chloro-
form, the NPs formed by the microwave synthesis showed

a typical ferrofluidic behavior when approached by a magnet.
After removal of the magnet, the sample (without any aggre-

gation of the NPs) could return to a normal state. For compari-
son, a solution of the NPs by thermal decomposition with an

identical concentration just presented a dull response to the

magnetic field.

Magnetic-induced heating measurements

The SAR (specific absorption rate) is a standard criterion that is
significant for the evaluation of the magnetic-induced heating

efficiency. The magnetically-induced-heating measurements in

an alternating magnetic field (AMF) (390 kHz, 12 A) show an
SAR of 158 W g¢1 for the microwave-synthesized NPs, which is

seven times larger than the SAR of the NPs obtained by ther-
mal decomposition with identical reaction conditions (Figur-
es 2 C, D). It should be noted that in previous reports, no obvi-

Figure 2. A) Field-dependent hysteresis loops (M–H) at room temperature for Fe3O4 NPs obtained by microwave synthesis (MW), and B) thermal decomposi-
tion (TD); C) Time-dependent temperature curves of Fe3O4 NPs for MW and TD in chloroform (2 mg [Fe]/mL) under an AMF (alternating magnetic field) at
390 kHz and 12 A (inset are near-infrared images), D) Analog experiment of magnetic induced heating; E) Plot of 1/T2 as a function of different Fe concentra-
tions for microwave-formed NPs measured in a 1.5 T MR (magnetic resonance) scanner and F) T2-weighted MR images of NPs at various Fe concentrations at
1.5 T.
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ous heating behavior was observed for small NPs (ca. 6 nm),
whereas our sample can elevate the temperature of chloro-

form (specific heat capacity of chloroform is 1.189 kJ kG¢1 K¢1)
by more than 10 Kin 3 min, which is suitable for tumor hyper-

thermia treatment.[30–32]

T2-weighted MRI in vitro

The transverse relaxivity (r2) of magnetic NPs is a standardized
contrast-enhancement factor that is calculated by plotting R2

(R2 = 1/T2) versus the molar concentration of the Fe atoms, and
is positively related to the square of their magnetic moment.
To our knowledge, r2 values can be effectively tuned by the ra-

tional optimization of the NPs size, shape and even the com-
position,[33–34] such as the most representative T2-weighted con-
trast agent WFION[35] (water-dispersible ferrimagnetic iron

oxide NPs with a core size of 22 nm, r2 = 761 mm¢1 s¢1, which is
extremely close to the theoretically predicted maximum r2

value of ca. 800 mm¢1 s¢1), as well as Octapod-30[36] (octapod-
shaped iron oxide with edge lengths of 30 nm, r2 = 679.25�
30 mm¢1 s¢1). Consequently, the microwave-synthesized rough-

ly 6 nm NPs possess an r2 value of 172 mm¢1 s¢1 (Figure 2 E, F),
which is higher than that of the similar sized T2-weighted con-

trast agents, such as WSIO[37] (water-soluble iron oxide with
a core size of 6 nm, r2 = 106 mm¢1 s¢1) and PIAONS[38] (polyam-

ide stabilized iron oxide NPs with a core size of 5 nm, r2 =

18 mm¢1 s¢1), all due to their fine crystallinity and high magnet-

ic moment.

Assessment of the microwave effect

We have speculated that the behavior of the microwave-

formed NPs in contrast to the NPs formed by thermal decom-
position under the same synthesis conditions are mainly

caused by the microwave effect, which may induce heat gen-

eration that is responsible for the experimental results men-
tioned above. To confirm this assumption, heating experiments

of different additives of the reaction system were carried out.
A fiber-optic (FO) probe was utilized for the direct measure-

ment of the local reaction temperature. The time needed to
reach the highest temperature of 300 8C from room tempera-

ture (using either the maximum power of 850 W or restricted
200 W) is regarded as a key feature to evaluate the contribu-
tion of the microwave effect.

For this purpose, heating profiles were recorded in 10 mL
standard microwave-transparent Pyrex and SiC vials with the

same geometry and equivalent volume. First, a direct compari-
son of different solvents (oleic acid (OA), oleylamine (OAm)

and octadecene (ODE)) either individually (4 mL), or their mix-
tures (OA/OAm/ODE 1 mL:2.5 mL:0.5 mL) in Pyrex vials was
carried out. As shown in Figure S2 A in the Supporting Informa-

tion, the reaction in the solvent mixture required the shortest
time of roughly 136 s to reach 300 8C using maximum power

(850 W), whereas the reaction in ODE required the longest
time (ca. 377 s). The remarkable gap of the time consumption
is certainly related to the vastly different microwave absorptivi-
ties of the solvents; hence, we chose the solvent mixture and

pure ODE as a fixed reference in the following tests. Accord-
ingly, the heating profiles with 5 concentrations (0.1, 0.25, 0.4,

0.5 and 0.75 mmol) of the precursor and Fe3O4 NPs in ODE and
mixed solvent were recorded. The time to reach 300 8C extend-

ed as the precursor concentration increased in ODE (from 382
to 429 s for 0.1–0.75 mmol, max. 850 W; Figure S2 B). The time

delay in the heating profile compared to pure ODE can be as-
cribed to the dissipation of latent heat due to the precursor

decomposition. However, the heating rate was reversed with

increasing precursor concentrations in the mixed solvent (from
136 s to 104 s for 0.1–0.75 mmol, max. 850 W; Figure S2 C).

Since the selective coupling in heating profiles greatly saved
time, the variation to the mixed solvent system indicates that

the local temperature is higher than in pure ODE, possibly
caused by the evolution of nuclei or even NPs from the precur-
sor, which would lead to a role conversion of the precursor

from a thermal acceptor into a thermal supplier.
Next, Fe3O4 NPs were used to evaluate their microwave-ab-

sorption and thermal-transfer abilities. NP samples were pre-
pared as mentioned in the Experimental Section by using five

different precursor concentrations (0.1–0.75 mmol). The reac-
tion time for NPs in ODE is much faster than that of pure ODE

and gets further reduced with increasing NP concentrations

(from 285 s to 146 s for 0.1–0.75 mmol, max. 850 W; Fig-
ure S2 B). Furthermore, addition of NPs to the mixed solvent

also facilitates the reaction, leading to the shortest time to
reach the setting temperature of 300 8C (from 103 s to 79 s for

0.1–0.75 mmol, max. 850 W; Figure S2 C). Therefore, NPs were
confirmed to have a strong microwave-energy-conversion abili-

ty and become the major component of the thermal contribu-

tion in the described reaction process.
As an essential and helpful complement to the heating ex-

periments, the results of the reactions obtained under restrict-
ed microwave power (max. 200 W) showed the same trend as

those under maximum power (850 W), only with a higher time
consumption (Figure S2 D, E, and F). As expected, heating pro-

files in SiC vials for solvents, precursor, and Fe3O4 NPs all per-

formed with nearly identical reaction rates. Since SiC has an ex-
tremely high thermal effusivity, substances inside the vial are
heated in almost the same manner (Figure S2 G, H, and I). Ap-
parently, the result from the heating profiles in Pyrex vials

clearly indicate that the heat generation and thermal transfer
can be attributed to the forming NPs and the solvent mixture,

which results in faster heating rates and higher reaction tem-
peratures. In particular NPs within the microwave-transparent
Pyrex vials have the potential to effectively convert the micro-

wave energy into heat. Once the thermal saturation is reached,
they would immediately act as the heat source to release and

transfer the excess energy to their surroundings. Conversely,
since the thermal conductivity of the SiC vial is significantly

higher than that of the Pyrex vial, substances within the vial

would be effectively shielded from the electromagnetic field
and the heat transfer would mainly occur through the SiC

walls. Note that the heating profiles with the maximum power
of 850 W are prohibited for SiC vials, due to the high thermal

conductivity of SiC that would lead to an exceedance of the
maximum temperature limit in the microwave reactor. The
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heat-transfer patterns in SiC and Pyrex vials are illustrated in
Scheme S1.

Electromagnetic measurements

To further corroborate the findings mentioned above, the elec-

tromagnetic properties of the precursor and the microwave-

formed Fe3O4 NPs were determined by a vector network ana-
lyzer (VNA). Figure S3 shows the complex permittivity (e’, e’’)
and permeability (m’, m’’) between 2–18 GHz of wax composites
containing a 40 % mass fraction of the samples. It is known
that microwave absorption properties closely correspond to
the magnetic loss, dielectric loss, and impedance matching be-
tween e’/ e’’ and m’/m’’. Both the NPs and the precursor exhibit-

ed a stable e’ values around 5 and 3, respectively, implying
that the resonance behavior of the permittivity in the micro-
wave-frequency range should mainly originate from dipole po-
larization and interfacial polarization. Similar circumstances are
also observed in the e’’ curve, except that the resonant peaks
are weaker with maximum values of 0.02 and ¢0.03 at 3 GHz,

respectively. Furthermore, several small peaks, which are up to
sixfold increased compared to the precursor spectrum, can be
seen in the NP frequency-dependence spectrum up to 14 GHz.

In addition, both the real (m’) and imaginary parts (m’’) of the
NP sample exhibited a relaxation behavior with significantly

decreasing values compared to the precursor of 1.2 to 0.8 and
0.75 to 0.05 at frequencies of 5 and 7 GHz, respectively. It is

worth mentioning that the magnetic energy is transferred into

electric energy since the e“ value of the NPs is enhanced,
which leads to a m’’ value declining sharply into nearly zero;

however, a resonance behavior with a steady decline can be
ignored for precursors based on the Maxwell equations.[39]

Microwave magnetic loss of magnetic materials mainly origi-
nates from the eddy current effect, hysteresis, and magnetic

resonance (composed of domain wall and natural ferromagnet-

ic resonance). Considering that the magnetic loss tangent
tan dm

[17, 40–41] of small NPs declines sharply with rising frequency

to reach its steepest value of 0.53 at 2.4 GHz and continually
decreases afterwards up to 7 GHz, the contribution of the
domain-wall resonance may be neglected (Figure S3 E). On the
other hand, the values of m’’(m’)¢2 f¢1 should be constant along

with the frequency enhancement if the magnetic loss is only
derived from the eddy current loss. Herein, sample values for

m’’(m’)¢2 f¢1 only change by about 0.007 between 8–18 GHz,

hence, the eddy current loss greatly contributes to m’’ and the
magnetic loss in this frequency range (Figure S3 F). These fea-

tures suggest that the high m’’ value and the large magnetic
loss were achieved all owing to defects of the small NPs based

on a rotation mechanism, which could hinder the spin rotation
that would predominantly contribute to the permeability in

the 2–18 GHz range.[42–43] Moreover, the refection loss (RL)

reached ¢15 dB for the NP composite at 3 GHz and 10 mm
thickness (Figure 3 A). However, the precursor at the same

coating thickness only achieves a maximum RL value of
¢2.8 dB at 13 GHz, hence, the precursor hardly absorbs micro-

waves (Figure 3 B). Additionally, the projection of the RL for the
NP samples in the basal plane is increased with decreasing fre-

quency at a given permittivity and permeability. Notably, a con-
siderable RL for bandwidths less than ¢10 dB covers a range
of 2–4 GHz with the maximal reflectivity loss located in the S-
band, which strongly demonstrates the conversion of electro-

magnetic energy, and also confirms that our NPs are promising
microwave absorbing materials in 2.45 GHz microwave reac-
tors.

Understanding the microwave synthetic process

The results based on the accurate heating profiles and micro-

wave electromagnetic measurements are helpful for under-

standing the synthetic process from a new perspective. In a mi-
crowave approach, the curve of the reaction process

(Scheme 1 A) presents the rapid heat generation in the first
step derived from the interaction between the mixed solvent

and the microwave irradiation. The pressure in the airtight re-
action container starts rising when the reaction temperature

Figure 3. Frequency and thickness dependence of the reflection loss (RL) for
A) microwave-formed Fe3O4 NPs, and B) precursor with the wax composite
in different thicknesses.
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reaches roughly 157 8C and rises quickly up to 200 8C, at which
the precursor was completely dissolved and burst nucleation

proceeded. In succession, small and temporarily unstable

nanocrystals were obtained along with the gradually increasing
pressure. Remarkably, these small crystals served as disorder

magnets and absorb microwaves for the electromagnetic
energy transformation. The low stability nanocrystals with

large surface-to-volume ratios keep growing to produce more
stable and larger crystals that continually reinforce the thermal

generation at a stable rate, until the mixture was further

heated to 250 8C. The heat keeps the Ostwald ripening prog-
ress running smoothly after staying at 2508C for 5 min. Micro-

wave irradiation favors a dramatic enhancement of the burst
nucleation and the homogeneous growth process, in which

the sufficient reaction heat and adequate pressure are regard-
ed as a coordinated action that could effectively narrow down

the gap between nucleation and growth process to fabricate

good quality nanocrystals with high yield.
Raman spectroscopy provides key evidence to identify the

features of chemical bonding, the degrees of crystallization,
and matter–phase transitions. Five active Raman modes (A1g +

Eg + 3T2g) exist in the range of 200–800 cm¢1 for Fe3O4, which
were assigned to the different forms of oxygen and iron

ions.[44–46] To further confirm the assumption of the rapid nucle-

ation process in the microwave synthesis mentioned above,
we took samples from the reaction at certain time intervals

and analyzed their Raman signals. Scheme 1 B shows the
Raman spectra of the NPs in the temperature range from 180

to 250 8C. The typical Raman vibration modes of the samples
can be assigned as Eg (362–366 cm¢1), symmetrical T2g(550–

556 cm¢1), and A1g (665–670 cm¢1). While performed in the ini-

tial crystallization stage (ca. 180–200 8C, Scheme 1, 1 and 2),
the Raman signal is too broad to be clearly identified, but it is

related to oxygen defects or finite size effects.[47] In later
stages, an anomalous peak broadening was observed in the

nucleation and growth phase (Scheme 1, 3 and 4), owing to
mostly cation-related and structural oxygen defects. Once the

defects occupy the crystal surface to induce lattice distortion,
the corresponding geometrical phonon scattering would be af-

fected by structural fluctuations that lead to phonon-vibration-

frequency changes.[48] In the following growth and aging stage
(ca. 220–250 8C), the Raman peaks are becoming sharper

(Scheme 1, 5–7), which account for the gradual and uniform in-
crease in crystallinity and size, resulting in less defects in the

NPs.
Turning to the thermal decomposition process, the concen-

tration of the monomers has been schematically plotted as

a function of time. The reaction undergoes the nucleation pro-
cess at 220–240 8C, following the LaMer nucleation theory, trig-

gered by the dissociation of Fe(acac)3, until the concentration
of the precursor decreases to a critical threshold and the disso-

ciation stops. Similarly, the Ostwald ripening takes place ac-
companied by time and thermal consumption. Since the con-
vective-heating pattern mostly depends on parameters such as

specific heat capacity, viscosity, and heat-transfer coefficient,
the nucleation and growth stage cannot be completely sepa-
rated here, due to the applied insufficient temperature and re-
action-time range. In particular, the production of high-quality

NPs in this way is only possible when the temperature de-
pendence of the nucleation and growth kinetics is rigorously

taken into account, which explains why the inhomogeneity of

the nucleation and growth process can be traced to the ineffi-
cient transfer of thermal energy from the convective heat-

ing.[20, 49–51]

Conclusion

In summary, we have developed a practical procedure that

combines the advantages of both thermal decomposition and
the microwave technique, for the fabrication of high-quality

Fe3O4 NPs. The synthetic strategy makes use of microwave-se-
lective heating without suffering harsh conditions, unlike ther-

mal decomposition based on black-body radiation heat. The
investigation of the ultrafast formation of the Fe3O4 NPs shows

Scheme 1. A) Schematic presentation of the synthetic mechanism and real-time recording of the microwave synthesis of the Fe3O4 NPs. The data include tem-
perature, pressure, and power monitored by a Monowave 300 (IR infrared detector, Ruby fiber-optic probe). B) Raman samples 1–7(S1–S7) were taken out
from reaction mixture at: 1) 180 8C; 2) 200 8C, 0 min; 3) 200 8C, 10 min; 4) 220 8C; 5) 235 8C; 6) 250 8C, 0 min, and 7) 235 8C, 5 min.
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that magnetic NPs are able to effectively convert microwave
energy even at higher rates than other additives and are re-

sponsible for the observed reaction-rate enhancement, al-
though the aging period proceeded at 250 8C for only 5 min.

In our opinion, the thermal contribution of the Fe3O4 NPs has
been neglected too often, because the high selectivity of the

heating coupled by polar solvents was always recognized as
the dominant heat source. Consequently, our study not only
looks at commonly known microwave procedures from a fresh

perspective, but could also be applied to fabricate other func-
tional nanomaterials in a highly efficient way.

Experimental Section

Microwave-assisted thermal decomposition synthesis of
Fe3O4 NPs

The single-mode microwave system (Monowave 300) used for syn-
thesizing the Fe3O4 NPs was made by Anton-Paar (Austria). The
system operates at a frequency of 2.45 GHz with a maximum
power of 850 W. Pressure and temperature could be simultaneous-
ly monitored by an external infrared sensor (IR) and an internal
fiber-optic (FO) probe. Only SiC and Pyrex vials suitable for this mi-
crowave system have been used to prevent accidents during reac-
tions at the maximum values of 300 8C and 30 bar.

Our synthetic strategy is schematically illustrated in Scheme S2 in
the Supporting Information. The ideal Fe3O4 NPs (ca. 6 nm in size)
were obtained by the following microwave procedure: Ferric acety-
lacetonate [Fe(acac)3] (1 mmol) was added to the mixed solvent at
the proper ratio (4 mL OA, 10 mL OAm, and 2 mL ODE) in a 30 mL
Pyrex vial, operated with the Monowave 300 under maximum mi-
crowave power (850 W). The mixture was heated to 200 8C from
room temperature in 10 min and kept there for10 min. Afterwards,
the temperature was further increased to 250 8C in 15 min then
kept stable for 5 min until the reaction was completed. Subse-
quently, the system was cooled down to 60 8C by compressed air
in approximately 3 min. After the five operation steps, the NPs
were washed with ethanol and acetone and dried in a vacuum
oven to give a final product yield of 69.7 mg (90.1 %).

Thermal decomposition synthesis of Fe3O4 NPs

To compare the thermal decomposition to the microwave synthe-
sis, the reaction was performed with an equivalent procedure
(without microwave irradiation), except sufficient stirring under
a flow of N2 and “natural” cooling to 60 8C for about 35 min. The
as-synthesized NPs were also handled in the same way to give
a calculated yield of only 15.7 mg (20.3 %).

Characterization of the Fe3O4 NPs

The morphology of the as-synthesized Fe3O4 NPs was analyzed by
transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), and selected area electron diffraction (SAED) using
a Tokyo JEOL JEM-2100. Powder X-ray diffraction (XRD) spectra
were recorded on a Bruker X-ray diffractometer (D8-Discover) oper-
ated at 40 mA and 40 kV. Magnetic properties of the NPs obtained
by thermal decomposition and microwave irradiation were investi-
gated in a vibrating sample magnetometer (VSM, Lakeshore 7407)
at room temperature. Iron concentrations of the NPs were evaluat-
ed by the classical 1,10-phenanthroline (phen) complexation
method based on the C–A (absorbance versus iron concentration)

calibration curve observed by UV/Vis spectrophotometry (Shimad-
zu, UV-3600). Simulation of the magnetic inductive heating was ac-
complished in alternating magnetic fields (Shuangping SPG-06-II,
China, under 390 kHz, 12 A). Phantom experiments in vitro were
carried out on a clinical 1.5 T MR scanner (Siemens, Avanto). The
electromagnetic performance was measured by a vector network
analyzer (Agilent N5224 A). Samples were pressed into a toroidal
shape of 7.00 mm outer diameter and 3.04 mm inner diameter
under the frequency range of 2–18 GHz. Raman measurements
were performed with an inVia Raman microscope (Renishow, UK)
utilizing a 785 nm Argonion laser as excitation source (sample in
quartz slides, 1 mW power with 3-times 30 s acquisition time).

Magnetic-induced-heating measurements

Measurement of the heat generation of the Fe3O4 NPs in vitro was
accomplished using a magnetic-heating system (Shuangping SPG-
06-II, China) that produces an alternating magnetic field (AMF).
Samples obtained from the microwave and thermal decomposition
synthesis at uniform concentrations were placed inside a copper
coil under an AMF. The temperature was measured with a FOT-L-
BA fiber optic temperature sensor (FISO, Canada). The specific ab-
sorption rate (SAR) is defined as the power absorbed (which is con-
verted to heat) per mass of magnetic material (W g¢1) and is
strongly connected to the AMF system variables, such as the field
frequency and amplitude, the inductive coil dimensions, the sol-
vent carrier, and the shape and size of the nanostructures. The
temperature rise was determined by this process from the mean
slope of the DT/Dt function. Then the SAR values were calculated
by means of Equation (1)[52] , in which C is the specific heat capacity
of the different species in solution, DT/Dt stands for the initial
slope of the temperature versus time curve, mi is the weight of the
whole suspension, and mn the total mass of the magnetic material
in the suspension.

SAR ¼ C
DT
Dt

mi

mn

ð1Þ

The SAR value is a standard criterion for the quantification of the
heating efficiency of superparamagnetic NPs and is highly depen-
dent on theoretical models supported by the magnetic relaxation
(Brownian relaxation and Neel relaxation). Magnetic hyperthermia
(MH) is a promising method for the treatment of cancer.

T2-weighted MRI

The T2-weighted MR images were determined by a multi-echo
spin-echo sequence (16 echoes; repetition time 2500 ms; echo
time 22–352 ms). The T2 relaxation times for six different samples
(Fe concentrations of 0.078, 0.156, 0.3125, 0.625, 1.25, and
2.5 mg mL¢1) were obtained by calculating the signal intensities in
a 0.3 cm2 region.

Electromagnetic measurements

Magnetic- and dielectric-signature measurements were carried out
using a vector network analyzer (Agilent N5224 A). The as-prepared
NPs and the precursor were ground to powders and homogenous-
ly dispersed with wax at a mass ratio of 3:2. The permeability and
permittivity of the samples was measured by a coaxial transmis-
sion–reflection method with a sample thickness between 1–10 mm
in a frequency range of 2–18 GHz. Notably, a full two-port calibra-
tion was initially performed to remove errors. Based on the trans-
mission-line theory, the reflection loss (RL) value for a single-layer

Chem. Eur. J. 2016, 22, 11807 – 11815 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim11813

Full Paper

http://www.chemeurj.org


absorber on a metal plate can be calculated from the measured
electromagnetic parameters, which are consistent with the perme-
ability and permittivity at a given frequency and coating thickness
following Equations (2) and (3)[53] , in which f is the matching fre-
quency, d is the thickness of the sample, c is the speed of light, Z0

is the impedance of air, and Zin is the input impedance of the
sample.

Zin ¼ Z0

ffiffiffiffi
mr

er

r
tanh j

2pfd
c

ffiffiffiffiffiffiffiffi
mrer

p� �
ð2Þ

RL ¼ 20 log10

z0 ¢ zin

z0 þ zin

���� ���� ð3Þ

Importantly, the RL of dual-loss samples was carried out to further
investigate the influence of the magnetic and the dielectric loss, re-
spectively. In particular, the RL curves are dominated by the contri-
bution of the electromagnetic-wave interference with the interface
and by the microwave absorption, and could reach minimum
values when the sample coating thickness (dm) and frequency (fm)
satisfy the quarter-wavelength-matching (l/4) relationship
[Eq. (4)] .[54–55]

dm ¼
n c

4fm

ffiffiffiffiffiffiffiffi
mrer

p ð4Þ
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