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The present study reports a continuous flow synthesis of differ-

ently sized Fe3O4 nanocrystals stabilized by oleylamine and oleic

acid. Oleylamine and oleic acid are particularly investigated to elu-

cidate their roles in tailoring the size and magnetic properties of

the resulting particles potentially useful for magnetic resonance

imaging.

Superparamagnetic iron oxide nanoparticles have been widely
applied in biomedical fields, especially as contrast agents in
magnetic resonance imaging (MRI).1–5 Driven by these appeal-
ing applications, precise control over the particle size of iron
oxide nanoparticles has been intensively investigated in the
past few decades,6–8 due to the strong size-related superpara-
magnetism of magnetic iron oxide nanoparticles and
pharmacokinetic behaviors as well.9,10

Differently sized iron oxide nanocrystals with high crystalli-
nity were commonly achievable through thermal decompo-
sition synthesis by varying different reaction parameters.8,11–13

For example, tuning the reaction time can vary the particle size
in a certain range, which, however, is sometimes accompanied
by broadening of the particle size distribution due to Ostwald
ripening.14 Surface ligand is in fact indispensable in the wet-
chemical synthesis of high quality nanoparticles, not only for
increasing the mutual compatibility between the particle cores
and the dispersion media, but also for preventing the particles
from uncontrolled growth.10,15,16 Tuning the ratio of the
surface ligand to the precursor can also lead to differently
sized iron oxide nanoparticles, e.g., 7–28 nm Fe3O4 nanocrys-
tals were prepared by increasing the ratio of oleic acid to ferric
oleate from 0.1 : 1 to 3 : 1.17 However, when the ligand-to-pre-
cursor ratio is high enough, the commonly used ligands such

as oleylamine (OM) and oleic acid (OA) will inevitably change
the solvent properties, and thus may heavily affect the for-
mation process of nanoparticles. But it remains barely
touched upon in the literature.

Despite the remarkable achievements in the size-controlled
synthesis of iron oxide nanoparticles, previous studies were
mainly based on conventional batch reactions.8,11,12 The fol-
lowing practical applications will suffer from the poor batch-
to-batch reproducibility.14,18,19 Fortunately, a newly developed
flow chemistry method offers a potential solution to the large
scale synthesis of nanocrystals owing to its automated continu-
ous synthetic conditions.14,20,21 Semiconductor nanocrystals
are the most representative inorganic nanocrystals achievable
through the continuous flow synthesis. The effects of reaction
parameters on the particle size and further on the optical pro-
perties have been intensively studied over the past decade.22–25

Nevertheless, there remains a lack of systematic study about
the effects of ligands on the solvent properties of the reaction
system, and further on the size of the resulting nanocrystals.
Such a study would undoubtedly push the development of the
flow synthesis for obtaining differently sized and mono-
disperse iron oxide nanoparticles for biomedical applications.

On the basis of our previous investigations on the continu-
ous flow synthesis of Fe3O4 nanoparticles and NaGdF4:Yb,Er
nanocrystals,14,18 herein, we report the flow synthesis of Fe3O4

nanocrystals with the particle size in the range of 3–9 nm,
which is obtained by varying the concentration of ligands
including OM, OA, and alcohols bearing a long alkyl chain.
The coordinating effect and the co-solvent effect of OM and
OA are discussed in details from the point of view of particle
nucleation and growth kinetics and thermodynamics.

In brief, Fe3O4 nanocrystals were continuously synthesized
using a tube reactor with an inner diameter of 1.0 mm at
250 °C under a pressure of 30 bar, with a computer-controlled
automatic synthesis system. The continuous synthesis is sche-
matically shown in Scheme 1. The residence time was set as
3 min, which is apparently shorter than that (30 min) for
batch reactions because of the significantly enhanced heat
transfer rate.10 Typically, 2.0 mmol ferric acetylacetonate was
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pyrolyzed in the presence of 10.0 mmol 1-octadecanol,
6.0 mmol (0.3 M) OM and 6.0 mmol (0.3 M) OA in 20 mL
anisole (boiling point of 154 °C) which was used as a solvent
under the high pressure to facilitate the purification process.14

Stabilized by OM and OA via the amine and carboxylate,
respectively, as confirmed by Fourier transform infrared (FTIR)
spectroscopy shown in Fig. S1 in the ESI,† the resulting nano-
crystals were readily dispersed in organic solvents such as
cyclohexane. The TEM image of the as-prepared Fe3O4 nano-
crystals is shown in Fig. 1a. The average particle size is 4.2 nm,
and the relative standard deviation (RSD) calculated from the
corresponding histogram (Fig. S2a, ESI†) is 14.3%.

The magnetic properties of Fe3O4 nanocrystals are known
to strongly depend on the particle size.26,27 Since different
surface ligands have different effects on the nucleation and
growth processes of nanocrystals, the concentrations of OM
and OA were set equal and adjusted simultaneously through-
out the experiments for investigating the concentration effect

of the OM/OA pair. When increasing the concentration of OM/
OA from 0.3 M up to 0.6 M, the average particle size was
increased from 4.2 nm to 8.2 nm as shown in Fig. 1b. The
Fe3O4 nanocrystals obtained are rather monodisperse with the
RSD value slightly down to 13.4% (Fig. S2c, ESI†). However,
upon further increase of the concentration of OM/OA to 1.2 M,
the average particle size decreased to 6.0 nm as shown in
Fig. 1c, while the RSD drops to 10.0% (Fig. S2b, ESI†). The
powder X-ray diffraction (XRD) patterns of the as-prepared
nanocrystals shown in Fig. 1d match well with that for magne-
tite (JCPDS card no. 86-0866). The enhanced intensity and the
narrowed peak width of the main diffraction peaks from
4.2 nm to 8.2 nm samples support the increased crystallinity
and the particle size as well.

To exclude any dilution effect caused by the introduction of
OM/OA on the particle size, an equal volume of anisole was
added instead of OM/OA into the initial stock solution. The
nanocrystals obtained under the same preparative conditions,
as displayed in Fig. S3 (ESI†), are nearly identical to those
shown in Fig. 1a. Therefore, the effective size increase induced
by increasing the concentration of OM/OA can be attributed to
the effect of surface ligands. During the particle formation
process, ligands coordinate to the nanocrystal surface to
prevent particle aggregation, otherwise uncontrolled growth
occurs when the ligands are insufficient (0.15 M OM/OA) as
displayed in Fig. S4 (ESI†). On the other hand, ligands can
also coordinate with the Fe monomer, which can change its
reactivity.17 When the concentration of OM/OA was increased
from 0.3 M to 0.6 M, the reactivity of the monomer was
reduced due to the stronger binding effect. In consequence,
the supersaturation degree of the reaction system would
decrease, which is then favourable for growing larger particles
out of the reaction system, from the thermodynamics aspect,
due to the reduced number of nuclei generated during the
nucleation process.

Apart from acting as surface ligands, OM and OA at some
point start to induce non-ignorable change to the solvent pro-
perties of the reaction system. For example, when the concen-
tration of OM/OA reached 1.2 M, the viscosity of the reaction
system for obtaining 6.0 nm particles (VOM+OA : Vanisole = 1 : 1.3)
is of 7.3 mPa s at 20 °C, much higher than that (3.0 mPa s) of
the system producing 8.2 nm particles (VOM+OA : Vanisole =
1 : 2.6). According to Einstein’s formula (ESI†), the diffusion
coefficient of the solute is inversely correlated with the vis-
cosity of the solvent. In consequence of the increased viscosity
of the solvent, the nanocrystal growth rate will be decreased
and smaller particles are generated.18

Apart from the concentration effects of OM and OA on the
solvent properties, long alkyl chain alcohols also influence the
nucleation process as they participate in the generation of the
monomer by acting as a reducing agent.6 As shown in Fig. S5,†
in the presence of 0.6 M OM/OA, replacing 1-octadecanol with
1,2-dodecanediol can decrease the particle size from 8.2 ±
1.1 nm down to 3.0 ± 0.3 nm, while the particle size can be
increased from 8.2 ± 1.1 nm to 8.6 ± 1.2 nm in the absence of
alcohol. The presence of multiple hydroxyl groups leads to a

Scheme 1 Sketch of the flow synthesis of Fe3O4 nanocrystals. BPR rep-
resents a back pressure regulator.

Fig. 1 Transmission electron microscopy (TEM) images of Fe3O4 nano-
crystals prepared in the presence of 1-octadecanol and different con-
centrations of OM/OA, respectively: (a) 0.3 M, (b) 0.6 M, (c) 1.2 M (the
scale bars correspond to 50 nm), and powder X-ray diffraction (XRD)
patterns (d) of the as-prepared nanocrystals together with the line
pattern for magnetite according to the JCPDS card (86-0866).
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higher supersaturation degree for the monomer, thus resulting
in smaller nanocrystals.

To explore the application of the flow-synthesized Fe3O4

nanocrystals as MRI contrast agents, differently sized Fe3O4

nanocrystals (4.2 nm, 6.0 nm, and 8.2 nm) obtained above
were rendered water-soluble and biocompatible upon ligand
exchange, by replacing the OM and OA ligands with a poly-
ethylene glycol (Mw = 2000) ligand bearing a catechol group.
The hydrodynamic properties of the resultant PEGylated Fe3O4

nanoparticles were carefully examined by Z-average, which is
intensity-weighted and more sensitive to the presence of larger
particles. As shown in Fig. 2a, the particles, irrespective of the
core size, remain colloidally stable over one month, which
makes them reliable for in vivo applications. The MRI contrast
enhancement effects of the PEGylated Fe3O4 nanoparticles
acquired at 3.0 T are shown in Fig. 2b. In brief, all these par-
ticles show significant T1 and T2 effects, and thus can poten-

tially be used as dual-modal T1/T2 contrast agents. As expected,
the T1 effect decreases against the particle size, while the T2
effect presents an opposite tendency. By linear regression
fitting of the experimental data shown in Fig. S6 (ESI†), the
molar relaxivity r1 of the 4.2 nm, 6.0 nm, and 8.2 nm nano-
particles is of 7.9 mM−1 s−1, 5.6 mM−1 s−1, and 4.2 mM−1 s−1,
and r2 is of 71.8 mM−1 s−1, 83.1 mM−1 s−1, and
121.3 mM−1 s−1, respectively. Notably, the 4.2 nm particles
simultaneously exhibit higher r1 and r2 than the literature data
for similarly sized Fe3O4 nanoparticles synthesized through
batch preparation,10,12 which may be attributed to the extra-
ordinary experimental conditions especially the high pressure
of the reaction system.

Conclusions

In summary, it is demonstrated that the concentration effects
of OM and OA ligands on the size of Fe3O4 nanoparticles
obtained through continuous flow synthesis have two sides.
On one hand, increasing the ligand concentration is in favour
of the formation of larger particles due to the decreased super-
saturation degree of monomers bound to the ligands. On the
other hand, the simultaneously increased viscosity in conse-
quence of high enough ligand concentration favors the for-
mation of smaller particles owing to the lowered diffusion
coefficient. The opposite size-tuning effects from the coordi-
nating OM/OA co-solvent pair are the interplay of “Yin and
Yang” when it comes to their effect as a function of concen-
tration, which describes the unity of opposites in nature. By
properly adjusting the concentration of OM/OA, the size of
monodisperse Fe3O4 nanocrystals in the range of 4.2–8.2 nm is
successfully tuned. Moreover, long alkyl chain alcohols also
play a role in size tunability. The presence of polyalcohol can
decrease the bottom size further down to 3.0 nm, while exclud-
ing the alcohol can increase the top size up to 8.6 nm. The
relaxometric studies on the flow-synthesized Fe3O4 nano-
particles reveal that the above particles exhibit extraordinarily
higher longitudinal and transversal relaxivities in comparison
with those of similarly sized Fe3O4 nanocrystals bearing an
identical surface capping structure. In conclusion, the current
investigations have paved an effective and reliable approach
for achieving high performance MRI contrast agents with
potentially scaling up capacity.
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Fig. 2 Temporal evolution of the hydrodynamic sizes of PEGylated
Fe3O4 nanoparticles in water (a), together with color-coded T1-weighted
and T2-weighted MR images of aqueous solutions containing Fe3O4

nanoparticles with different Fe concentrations (b).
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