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ABSTRACT

The direct synthesis of highly water-soluble nanoparticles has attracted intensive interest, but 

systematic size control has not been reported. Here, we developed a general method for 

synthesizing monodisperse water-soluble iron oxide nanoparticles with nanometer-scale size 

increments from 4 nm to 13 nm in a single reaction. Precisely size control was achieved by 

continuous growth in an amphiphilic solvent, diethylene glycol (DEG), where growth step was 

separated from nucleation step by sequential addition of reactant. There was only one reactant in 

the synthesis, and no need for additional capping agents and reducing agents. This study reveals 

the “living growth” character of iron oxide nanoparticles synthesis in an amphiphilic solvent. The 

synthetic method shows high reproducibility. The as-prepared iron oxide nanoparticles are 

extremely water soluble without any surface modification. Surprisingly, the synthesized 9 nm iron 

oxide nanoparticles exhibit extremely high transversal and longitudinal relaxivities of 425 mM-

1.s-1 and 32 mM-1.s-1 respectively, which is among the highest transversal relaxivity in the literature 

for sub-10 nm spherical nanoparticles. This study will not only shed light on the continuous growth 

phenomenon of iron oxide nanoparticles in amphiphilic solvent, but could also stimulate the 

synthesis and application of iron oxide nanoparticles. The continuous growth method could be 

further extended to other materials for the controlled synthesis of water-soluble nanoparticles.
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Introduction

Iron oxide nanoparticles are very attractive due to their unique magnetic properties and excellent 

biocompatibility.1,2 They are useful in a wide range of applications, including magnetic separation, 

disease diagnosis, drug delivery, and magnetic hyperthermia treatment.3-5 The size of iron oxide 

nanoparticles plays a critical role in their magnetic properties and applications. In particular, one 

prominent application involves the development of high-performance contrast agents for 

noninvasive magnetic resonance (MR) imaging. A study has shown that increasing the size of iron 

oxide nanoparticles to 12 nm will lead to high transversal relaxivity (r2) and improve sensitivity 

as contrast agents for T2 weighted MR imaging.6 Recently, high longitudinal relaxivity (r1) and 

low r2 / r1 ratio have been reported when the size of iron oxide nanoparticles is less than 4 nm, 

which can be used for T1 weighted MR imaging.7,8 Because nanoparticles need to be water soluble 

for many of their applications, particularly for biomedical applications, developing new methods 

to synthesize water-soluble nanoparticles with nanometer-scale size control is significant both 

scientifically and technically.5,9,10

Traditionally, the co-precipitation method has been utilized for synthesizing water-soluble iron 

oxide nanoparticles in aqueous solution. Due to the low reaction temperature, this method shows 

poor control in size, shape, and size distribution.11-13 As an alternative production method, iron 

oxide nanoparticles have been synthesized in the polyols such as ethylene glycol (EG), diethylene 

glycol (DEG), triethylene glycol (TREG), and tetraethylene glycol (TEG).14-17 The polyols can 

dissolve both inorganic salts and organic compounds because of their high dielectric constant. In 

comparison to the co-precipitation method, nanoparticles produced using polyol-synthesis showed 

a narrower size distribution. The higher reaction temperature of polyols favors nanoparticles with 

a higher crystallinity and therefore higher magnetic properties. The surface of the prepared iron 
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oxide nanoparticles is coated with hydrophilic polyol ligands in situ, allowing the nanoparticles to 

dissolve in aqueous solution.4,18 Because of its potential to synthesize water-soluble nanoparticles, 

there have been a variety of studies aiming to gain control on size.19-21 So far, systematic size 

control has not been achieved, in part because of fast nucleation and growth steps.17 

The controlled synthesis of iron oxide nanoparticles has been significantly advanced by thermal 

decomposition method in nonpolar organic solvents.6,22 Due to the use of nonpolar organic 

solvents and relative high thermal stability of precursors, the growth step can be separated from 

the nucleation step. The size of nanoparticles can be manipulated by varying different organic 

solvents and aging time.23 Furthermore, one nanometer-scale size control in the synthesis of 

monodisperse nanoparticles can be achieved by applying seed-mediated growth method with a 

typical size of about 6-12 nm.24,25 The systematic size control and reproducibility are further 

demonstrated by “living growth” methods.26,27 Nanoparticles can continue to grow when the 

precursor concentration is maintained in proper level. The “living growth” behavior makes it 

possible to manipulate size systematically, and synthesize sophisticated structures like core-shell 

structures using a straightforward procedure.28 The synthesis of iron oxide nanoparticles with 

tunable sizes has greatly stimulated their applications.

However, a main challenge for the thermal decomposition method is that the as-prepared 

nanoparticles are only soluble in organic solvents.22,24 A sophisticated surface modification is 

required to render the water solubility. The overall strategy is to either attach an amphiphilic layer 

or replace hydrophobic layer with hydrophilic molecules.5 A variety of surface materials have been 

explored such as poly(acrylic acid),29 poly(ethylene glycol)(PEG),30 branched polymers,31,32 

dopamine,33,34 zwitterions.35 To obtain compact hydrodynamic size, small molecules are also 

explored for surface modification.23,35,36 However, due to the aggregation and low 
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reproducibility,37 it has been an ongoing effort to improve the dispersity and stability of iron oxide 

nanoparticles in aqueous solution. 

Scheme 1. General procedure for continuous growth of water-soluble iron oxide nanoparticles 

with nanometer-scale size increments.
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To address the challenges of water solubility and systematic size control, this study reports the 

first continuous growth phenomenon of water-soluble iron oxide nanoparticles in an amphiphilic 

solvent (i.e. diethylene glycols). Similar to thermal decomposition method in nonpolar organic 

solvents, we hypothesize that the size of iron oxide nanoparticles can be precisely manipulated in 

diethylene glycol (DEG) once we can separate nucleation and growth step by simply sequential 

addition of reactant. The general strategy is outlined in Scheme 1. At controlled concentration, the 

reactant will decompose and add to the surface of the existing nanoparticles to form a larger one. 
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Growth from existing nanoparticles is thermodynamically preferred because the formation of new 

nuclei requires higher energy.38,39 Comparing to previous studies on synthesis of iron oxide 

nanoparticles in polyols,14,18 the novelty of this research is that a continuous growth phenomenon 

was discovered for the direct synthesis of water-soluble iron oxide nanoparticles in DEG. The as-

prepared nanoparticles are highly water-soluble without any surface modification, and the size of 

monodisperse nanoparticles can be precisely tuned in nanometer-scale within broad size range.

Results and Discussion

To synthesize the iron oxide nanoparticles, commercially available Fe(acac)3 (acac = 

acetylacetonate) as the sole reactant was dissolved in DEG which recently has emerged as a 

versatile solvent for the synthesis of water-soluble nanoparticles.14-17 The Fe(acac)3 was selected 

as the reactant because it is soluble in DEG, and the decomposition temperature (186 ˚C) is lower 

than the boiling point of DEG (245 ˚C).40 As a type of polyols, the DEG acts as both reducing 

agents and coating materials, so there is no need for extra capping agents such as oleic acid, oleic 

alcohol, and 1,2 hexadecanediol which are used in thermal decomposition method.22 Furthermore, 

the high boiling point of DEG (245 ˚C) can provide a high reaction temperature which is favored 

for high crystallinity of iron oxide nanoparticles.17

In the presence of argon, the reaction mixture was stirred at 120 ˚C for 1 h. Then, the reaction 

mixture was heated to 230 ˚C and allowed to react for 2 h. In order to increase the size of 

nanoparticles, the additional reactant was added to the reaction mixture slowly and the reaction 

mixture was stirred for another 2 h at the same temperature. The procedure of adding reactant was 

repeated for further growth of nanoparticles. To monitor the size, an aliquot of reaction mixture 
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was taken out before the reactant was added. The iron oxide nanoparticles readily dissolved in 

water without any surface modification after purification. The aqueous solutions of iron oxide 

nanoparticles were used for TEM measurement directly (Figure 1). As expected, TEM images 

clearly showed that the size of nanoparticles continuously grew as the reactant was added. 

Typically, the size of 4.0 ± 0.4 nm was obtained in the first 2 h (Figure 1a), and the size increased 

to 6.2 ± 0.5 nm after the reactant was added during the second time period (Figure 1b). After the 

sixth time peroid, the size of nanoparticles increased to 13 ± 1.3 nm (Figure 1f). The increase in 

size can be clearly observed by histograms from the size analysis of nanoparticles (Figure 1S). 

The large size we could obtain here is even bigger than that of nanoparticle prepared from 

conventional thermal decomposition method in nonpolar organic solvents.27 The typical HRTEM 

images of the nanoparticles indicated that each nanoparticle is a well-defined single crystal, as 

shown in the insets of Figure 1c and Figure 1f. The defects are not observed in nanoparticles. The 

observation rules out the possibility that large size nanoparticles are formed from fusion of small 

size particles. 
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Figure 1. TEM images of iron oxide nanoparticles synthesized by continuous addition of starting 
materials. The average sizes are (a) 4.0 ± 0.4 nm, (b) 6.2 ± 0.5 nm, (c) 8.5 ± 0.9 nm, (d) 9.3 ± 
1.1 nm, (e) 11.3 ± 1.1 nm, and (f) 13.0 ± 1.3 nm. Scale bars are 50 nm. Insets are high resolution 
TEM images in Figure 1c and 1f, showing single crystalline structures.

It is noteworthy that the size of obtained nanoparticles is uniform throughout the size range. The 

standard deviations in size are similar to that obtained in an organic solvent. For example, a typical 

size of this study was 8.5 ± 0.9 nm, while the similar size of 9.3 ± 0.7 nm was obtained in 1-

octadecene.27 The continuous growth synthesis is plausible largely due to the fact that the 

byproducts from Fe(acac)3 decomposition are gaseous and will escape from the reaction 

system.40,41 There is no accumulation of byproducts in the reaction system. In addition, Fe(acac)3 

is the only reactant and no extra capping agents are needed in this reaction, which is different from 

the seed-mediated thermal decomposition method in organic solvent, where the capping agent and 

reducing agent need to be adjusted according to the progress of reaction.27
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Meade et al. reported that iron oxide nanoparticles with size of 3, 4, 5, and 6 nm can be 

synthesized by adjusting starting materials concentration and reaction time.18 In order to confirm 

that the size growth in this study was not caused by the possible time effect or Ostwald ripening 

process, a control reaction without addition of reactant was carried out to study time effect on size. 

A small amount of reaction mixture was removed for size measurement at 0.5 h, 1 h, 2 h, 3 h, 4 h, 

and 6 h. The TEM images are shown in Figure S2. From 0.5 h to 6 h, there was no obvious change 

in size. The result confirms that the size of iron oxide nanoparticles will not change if reactant is 

not added even though the reaction time is prolonged to 6 h. By monitoring the conversion rate of 

reactant in the reaction, we find that more than 90 % of Fe(acac)3 is converted into nanoparticles 

at 0.5 h. The average conversion rate is approximately 91 % from 1 h to 6 h. Both the high 

conversion rate and the unchanged size over time indicate that the Ostwald ripening is insignificant 

during the reaction.17 The results are consistent with our hypothesis that the size of nanoparticles 

grows by the addition of reactant.

This synthetic method is highly reproducible. Figure S3 is typical TEM images for iron oxide 

nanoparticles synthesized from three individual reactions. For each reaction, additional reactant 

was added to synthesize iron oxide nanoparticles with three distinct sizes. From histograms made 

from size analysis by TEM in Figure S4, the increase of size was clearly observed when the 

reactant was added in sequence for each reaction. The sizes of nanoparticles from different 

reactions are summarized in Table 1S. For example, the sizes are 4.2 ± 0.7 nm, 6.9 ± 1.2 nm, and 

9.5 ± 1.4 nm for nanoparticles in Figure S3a-c for the first reaction. There is no obvious size 

difference from reaction to reaction. Since the nucleation is a thermal dynamical process, it is 

possible that a slight size difference exists among different reactions. Our results show that the 
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sizes from different reactions are almost the same, implying that nucleation is not very sensitive 

to our reaction conditions.

The crystal structures of the nanoparticles were investigated by measuring their X-ray diffraction 

(XRD) patterns. Figure 2 is the powder XRD patterns of iron oxide nanoparticles with three sizes 

(4 nm and 9 nm, and 13 nm). All of the diffraction peaks are indexed to the spinel structure known 

for magnetite.19,24,26,27 Because there is only a subtle difference between maghemite and magnetite 

phases, further studies will be performed to confirm the phase structure. With the increase in size, 

the peaks of XRD become sharper and intensity is stronger, indicating an increase in crystal 

domain. According to the Debye-Scherrer equation, the crystal domain sizes of iron oxide 

nanoparticles were calculated as 4.4 nm, 7.7 nm, and 10.3 nm respectively. The sizes are in good 

agreement with average diameters measured by TEM. Together with the HRTEM, the XRD study 

further confirmed that the nanoparticles have high crystallinity, and each nanoparticle is formed 

by a single crystal domain which is consistent with the mechanism of growth. That is the large 

nanoparticles are formed by continuous growing from the small nanoparticles after addition of 

reactant instead of an aggregation from small nanoparticles. For 13 nm nanoparticles, the 

calculated size from XRD is slightly smaller than that measured from TEM. This may be due to 

an amorphous layer outside of iron oxide nanoparticles shown in HRTEM. The amorphous layer 

may indicate that two-steps growth mechanism might involve in the synthesis. 42,43 In the first step, 

the decomposition of iron (acac)3 resulted in an iron based intermediate which attached to the 

surface of iron oxide nanoparticles to form an amorphous layer. In the second step, the amorphous 

layer further transformed into magnetite lattice. The detailed mechanism for this interesting 

synthesis is undergoing.
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Figure 2.  X-ray powder diffraction patterns of iron oxide nanoparticles with the size of (a) 4 nm; 

(b) 9 nm, (c) 13 nm. 

One distinct advantage of this synthetic method is that iron oxide nanoparticles are water soluble 

immediately without sophisticated ligand exchange. All TEM images in this study were taken from 

aqueous solutions of as-prepared nanoparticles without a size-selection process. In these TEM 

images, the nanoparticles were well dispersed. The good water dispersity was further verified by 

plots of dynamic light scattering (DLS) (Figure S5). The single narrow peak reveals narrow size 

distribution. For iron oxide nanoparticles with core size of 9 nm, the hydrodynamic size increased 

slightly to 11.7 nm. The hydrodynamic size is relatively small when compared with nanoparticles 

synthesized by the thermal decomposition method followed by surface modification, which is in 

the range of 30 nm to 200 nm.34,37 The small hydrodynamic size indicates high water dispersity 

and compact coating materials on the surface of nanoparticles. In addition to core size, compact 

and thin surface coating materials are of great interest in order to reduce hydrodynamic size for 
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renal clearance,35,44-46 and increase the sensitivity of contrast agents by enhancing the interaction 

of the magnetic core with the surrounding water.47 

Furthermore, the nanoparticles have superior colloidal stability in aqueous solutions at different 

pHs. In Figure 3a, the iron oxide nanoparticles solutions are transparent without precipitation in 

acidic (5.4), neutral (7.4), and basic (9.0) phosphate buffer solution (PBS) after incubation for 7 

days. During the procedure, the hydrodynamic sizes remained small and did not change obviously 

(Figure 3b). The high stability in aqueous solutions may be attributed to the surface charges which 

were confirmed by the zeta potential measurement.

Figure 3. Colloid stability of iron oxide nanoparticles: (a) photographs, and (b) hydrodynamic 

size profiles of 9 nm iron oxide nanoparticles after incubation in PBS with pHs of 5.4, 7.4, and 9.0 

for a week.

To explore the water solubility, the zeta-potential of as-prepared iron oxide nanoparticles were 

studied as the function of pH in water. As shown in Figure 4, the zeta potential is found to exhibit 

sigmoid curve which is consistent among different sizes. There is an isoelectronic point at pH 
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between 5 and 6. Below the pH 5, the nanoparticles have positive charges (approx. 20 mV). Above 

pH 6, zeta potential is negative (approx. -30 mV). The sharp zeta potential transition is consistent 

with iron oxide nanoparticles synthesized in high molecular weight polyols.48 The positive charge 

is probably from proton on the surface. The hydroxyl group on the end of DEG could form a 

chemical bond with surface Fe2+/Fe3+. The loosely bonded hydrogen atom could give positive 

charges on the surface.20 The negative charge on the surface may be explained as a consequence 

of the progressive ionization of the hydroxyl end groups of DEG as pH increases.49 Given the short 

chain, the stability of iron oxide nanoparticles may be due to the charges on the surface of 

nanoparticles.
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Figure 4.  Zeta potential as function of pH for 9 nm iron oxide nanoparticles

Because there was excessive amount of DEG in the reaction system, we assume that the ligand 

on the surface of nanoparticles is DEG. To confirm this hypothesis, we examined the FT-IR 

spectrum of the organic layer on iron oxide nanoparticles. As illustrated in Figure S6, the 

characteristic peaks of 1070 cm-1 and 2927 cm-1, attributed to C-O and C-H vibration of DEG, can 
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be seen in iron oxide nanoparticles.18,50 The broad absorption centered at 3338 cm-1 is from the 

stretching vibration of O-H from both DEG and absorbed water. As compared to DEG only, the 

vibration of Fe-O is observed in the absorption of 571 cm-1,20 which indicates that these iron oxide 

nanoparticles could be magnetite (Fe3O4).14,18,19 In addition, the carboxylate groups are indicated 

because the FT-IR spectrum exhibits symmetric COO- stretching at 1436 cm-1, and asymmetric 

COO- stretching at 1601 cm-1.17,19,48 

To further explore the surface properties of iron oxide nanoparticles, the surface composition of 

iron oxide nanoparticles is studied by XPS. Figure 5a are wide scan XPS spectrum of 9 nm 

nanoparticles. The composition of Fe, C, and O can be identified. As shown in Figure 5b, the 

Fe2p3/2 region of the spectrum can be fitted to three main peaks and two satellite peaks. The 

lowest binding energy peak at 710.1eV is attributed to Fe2+ octahedral with a satellite peak at 714.6 

eV. The Fe3+ octahedral peak is found at the peak with binding energy of 711.1 eV. The Fe3+ 

tetrahedral peak is assigned to the binding energy of 712.5 eV. The peak at binding energy of 718.6 

eV is attributed to Fe3+ satellite.51,52 The presence of deconvolution peaks for both Fe2+ and Fe3+ 

confirms that the magnetite (Fe3O4) should be predominate phase.19,51-53 

As can be seen in Figure 5c, the high resolution O1s spectrum can be fit into 3 peaks of 530.3, 

531.1, and 532.4 eV. The most intense peak at 530.3 eV is attributed to the lattice oxygen (Fe-O) 

in Fe3O4.51 Monodentate oxygen moiety (i.e. C-O) gives rise to the peak at 531.1 eV, meanwhile 

bidentate carboxylate moiety (O=C-O) can be fitted to the peak at 532.4 eV.19,51 In C1s spectrum 

(Figure 5d), we observed the peak for alkyl carbon bond (C-C) (284.7 eV), C-O or C-OH (286.3 

eV) and carboxylate moiety O–C=O (288.2 eV) according to the literature.52,54

Consistent with FT-IR, the XPS spectra from both C1s and O1s suggest the presence of 

carboxylate groups on the surface of iron oxide nanoparticles. The plausible reason is that polyols 
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is prone to be oxidized in raised temperature.48,55,56 The carboxylate group has been reported for 

the synthesis of iron oxide nanoparticles in polyols.19 

 

 

Figure 5.  XPS spectra of 9 nm iron oxide nanoparticles: a) wide scan, b) Fe 2p, c) O1s, and d) 

C1s.

In order to study the density of DEG on the surface of iron oxide nanoparticles, we measured 

the weight of the organic layer on iron oxide nanoparticles by thermal gravimetric analysis (TGA). 

The TGA curves of iron oxide nanoparticles with three typical sizes are shown in Figure S7. The 

TGA curves showed a weight loss from 30 ˚C to 180 ˚C and then from 200 ˚C to 400 ˚C. The first 

stage at low temperature refers to the free DEG bonded to iron oxide nanoparticles and water 

absorbed on the surface.14 The second stage at higher temperature can be attributed to the 
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decomposition of DEG bonded to iron oxide nanoparticles via Fe-O bond. The weight loss curves 

are similar to iron oxide nanoparticles with a small size of 5 nm.57 The weight losses after 180 ˚C 

are 12.7 %, 9.6 %, and 8.4 % for nanoparticles of 4 nm, 9 nm and 13 nm respectively. According 

to the density of iron oxide and molecular weight of DEG, we estimate that there are average 4.6 

DEG molecules on every nm2 surface for nanoparticles (Table S2). The density of the surface 

ligand is higher compared to the coverage of polyethylene glycols (PEG) on gold nanoparticles 

which is typically 1.6 molecules per nm2.58 When the size of the nanoparticles is smaller, the 

weight percentage of DEG in nanoparticles is higher. A similar trend was reported for hydrophobic 

iron oxide nanoparticles synthesized in an organic solvent.59 A possible explanation is that the 

surface area to volume ratio increases when the size of nanoparticles decreases.59,60 

To study the magnetic behavior of iron oxide nanoparticles, the hysteresis loops of iron oxide 

nanoparticles was studied. Figure 6 shows the hysteretic curve of 13 nm nanoparticles versus the 

applied field at 300 K and 5 K. At 300K, there is no remanence or coercivity and the nanoparticles 

are superparamagnetic. At 5K, the hysteresis loops show typical ferromagnetic behavior with a 

remanence of 26.4 emu.g-1 and an estimated coercivity of 150 Oe. The saturated mass 

magnetization of the nanoparticles are found to be 77 emu.g-1 and 68 emu.g-1 at 5K and 300K, 

respectively. The high value of magnetization reported here is similar or even higher than the 

values measured for nanoparticles synthesized from non-continuous growth, proving that high 

quality magnetic nanoparticles can be synthesized by continuous growth.61 Because the weight of 

surface materials is included for calculating the magnetization, the saturated mass magnetization 

could be higher if the mass of surface materials is subtracted.
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Figure 6. Magnetization as a function of magnetic field strength for 13 nm iron oxide 

nanoparticles at the temperature of a) 300 K and b) 5 K. Insert shows the data with an expanded 

scale from -3000 to 3000 Oe.

To study the effect of size on the magnetic behavior of iron oxide nanoparticles, the zero-field 

cooled (ZFC) and field cooled (FC) magnetization were measured in a magnetic field of 50 Oe in 

the temperature range from 5 K to 300 K. As shown in Figure 7, a maximum magnetization of 9.4 

emu.g-1 is observed for the zero-field cooled (ZFC) curve of 13 nm iron oxide nanoparticles. The 

corresponding temperature is 258.9K, which is the blocking temperature (TB). The blocking 

temperature are 80.3K, 123.3K, and 211.7K for nanoparticles with a size of 4 nm, 6 nm, and 9 nm, 

respectively. With an increase of size, the TB increases.26,62,63 Consistent with M-H curve, the 

nanoparticles are superparamagnetic above TB and ferromagnetic below TB. Given the TB value, 

the magnetic anisotropy constant K is calculated according to the equation: K = 25 kBTB/V, where 

kB is the Boltzman constant (1.38 × 10-16 erg.K-1), TB is measured blocking temperature, and V is 

the total volume of nanoparticles whose diameter was determined from TEM.24  Assuming that 

the nanoparticles in this study are spherical in shape, the K for the size of 4 nm, 6 nm, 9 nm and 

13 nm are calculated as 82.7, 37, 19, 7.7 (×105 erg.cm-3) respectively. Compare to the magnetic 
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anisotropy constant24 of 4×105 erg.cm-3 for bulk iron oxide, the K increases significantly with a 

reduction in size of nanoparticles. The trend is consistent with literature report.62 The increase of 

blocking temperature further confirmed continuous growth mechanism as the increase of TB is 

consistent with the increasing domain size measured by TEM. 24,26 
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Figure 7. The magnetization as a function of temperature measured after zero-field cooled 

(ZFC) and field cooled (FC) under an applied field of 50 Oe for 4 nm, 6 nm, 9 nm, and 13 nm iron 

oxide nanoparticles.

Because of the superior colloidal stability and high crystallinity of synthesized iron oxide 

nanoparticles, we anticipate that they can be used for high-performance contrast agents for MR 

imaging. The MR imaging phantom study was conducted in order to evaluate the relaxivities. The 

iron oxide nanoparticles with high r2 relaxivities will be detected at lower concentration and 

improve the sensitivity of MR imaging. Figure 8a shows the T2 and T1 weighted MR images of 9 
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nm iron oxide nanoparticles at different iron concentrations. With an increase in iron 

concentration, we can observe the dark signal enhancement in T2 weighted MR imaging and bright 

signal enhancement in T1 weighted MR imaging, implying that these iron oxide nanoparticles can 

act as both T1 and T2 contrast agents. By plotting the relaxation time as a function of iron 

concentration, the relaxivities (r1 and r2) were derived (Figure 8b). The relaxivities of different 

sizes are calculated and summarized in Table S3. Despite their relative small size, the r1 and r2 for 

9 nm iron oxide nanoparticles are 32 mM-1 s-1 and 425 mM-1 s-1 respectively. It is noteworthy that 

the r2 is higher than the highest r2 of 385 mM-1 s-1 reported in literatures for the 13-15 nm spherical 

iron oxide nanoparticles.47,64 The r2 value is comparable to that of the manganese doped iron oxide 

nanoparticles with a size of about 50 nm.65 The contrast effect of iron oxide nanoparticles strongly 

depends on size. Both longitudinal and transversal relaxivities decrease with a decrease in size. 

When the size of iron oxide nanoparticles decreases to 4 nm, the r1 and r2 decrease to 23 mM-1 s-1 

and 154 mM-1 s-1 respectively. With the decrease in size, we also notice that the transversal 

relaxivity decreases faster than that of longitudinal relaxivity, indicated by a decrease of r2/r1 ratio. 

This trend is consistent with other studies on size dependency.7,8,66 

The distinct r2 relaxivity is probably due to high crystallinity, high water solubility, and a 

compact surface coating layer of iron oxide nanoparticles.65,67,68 According to the quantum-

mechanical outer-sphere theory, the transversal relaxivity of iron oxide nanoparticles in solution 

can be calculated by the equation:47,69,70  = ( , where 1/𝑇2 256𝜋2𝛾2/405)𝑉 ∗ 𝑀𝑠
2𝑎2/[𝐷(1 + 𝐿/𝑎)]

 is the gyromagnetic ratio of proton; , , and   are the volume fraction, saturation 𝛾 𝑉 ∗ 𝑀𝑠 𝑎

magnetization, and the radius of iron oxide nanoparticles core, respectively;  is the diffusivity of 𝐷

water molecules, and   is the thickness of surface coating. If the total amount of iron ( ) is 𝐿 𝑉 ∗
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constant, the transversal relaxivity is predicted to increase with the increase of saturation 

magnetization and the effective diameter which will affect water surrounded outside nanoparticles. 

From magnetic property study, high saturation magnetization is observed for our iron oxide 

nanoparticles. The XRD demonstrated that iron oxide nanoparticles have high crystallinity which 

could result in the small dead region outside of iron oxide nanoparticles.60 The high crystallinity 

is due to continuous growth procedure and high reaction temperature comparing to previous study 

in DEG.18 Meanwhile, the coating materials on the surface of our iron oxide nanoparticles are DEG 

molecules which are relatively short. As a result, the waters will have closer interactions with iron 

oxide nanoparticles and increase r2 value. 

Figure 8.  Magnetic resonance imaging phantom study and relaxivity under 1.5 T: (a) T2 weighted 

and T1 weighted MR phantom imaging of iron oxide nanoparticles; (b) The inverse of the T2 

weighted and T1 weighted relaxation times as the function of iron concentrations.

Conclusions

In summary, this study has discovered a continuous growth behavior of water-soluble 

nanoparticles in amphiphilic solvent for the first time. The developed method not only grows iron 
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oxide nanoparticles with nanometer-scale size increment, but also provides high water solubility 

without any surface modification. The nanoparticles can keep growing step by step in nanometer-

scale in DEG by simply adding reactant. The only reactant is Fe(acac)3  and there is no need for 

capping and reducing agents. The synthetic procedure is highly reproducible. The iron oxide 

nanoparticles synthesized here can disperse in water immediately without any surface 

modification. The aqueous solutions of iron oxide nanoparticles are stable at least one week. The 

nanoparticles are also found to have high crystallinity. More remarkably, the 9 nm iron oxide 

nanoparticles exhibit high transversal relaxivity (r2) of 425 mM-1.s-1 which is among the highest 

relaxivities for sub-10 nm spherical iron oxide nanoparticles in literature. They can potentially be 

used for high performance T2 weighted contrast agents. The relaxivity properties are also strongly 

size-dependent. Although additional surface functionalization is necessary to conjugate targeting 

component and increase the biocompatibility, we reason the further surface functionalization can 

be easily completed in a homogeneous aqueous phase. For nanoparticles synthesized in organic 

phase, surface modification is hard partially because heterogeneous phase reactions are involved. 

Furthermore, the synthetic method can potentially be used to synthesize a series of water-soluble 

iron oxide nanoparticles with a continuous size spectrum under the same reaction conditions. 

These nanoparticles can serve as platform for the study of size-dependent physical properties. The 

concept of continuous growth in amphiphilic solvent could further be extended to other materials 

for the synthesis of highly water-soluble monodisperse nanoparticles with incremental sizes. 

Further studies are undergoing to fully understand the continuous growth mechanism in 

amphiphilic solvents and explore its applications. 

Experimental Section
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Chemicals and Materials

Iron (III) acetylacetonate (Fe(acac)3) ≥ 99.9 % and diethylene glycol (DEG) were purchased from 

Sigma-Aldrich (St. Louis, MO) and used without further purification.

Synthesis of iron oxide nanoparticles with controlled size. Typically, Fe(acac)3 (88 mg, 0.25 

mmol) was mixed and stirred in 2.5 mL DEG (0.1 mmol Fe/ml) under argon gas exchange in a 

three-necked flask to obtain solution A. In another flask, Fe(acac)3 (530 mg, 1.5 mmol) was mixed 

in 15 mL DEG (0.1 mmol Fe/ml) and stirred under argon to obtain solution B. Both solutions were 

heated to 120 ˚C for an hour. Solution B was kept at 70 ˚C for future use. Solution A was further 

heated to 230 ˚C. After 2 hours, reaction mixture (0.5 ml) were taken out using glass syringe, and 

solution B (2.5 mL, 0.25 mmol) were added subsequently. The collection of reaction mixture and 

reactant addition were repeated for every 2 hours. After cooled down, the samples (50 µL) were 

mixed with 400 µL MilliQ water and purified by centrifugal filtration (Amicon, 30K) at 8000 rpm 

for 10 mins. MilliQ water was added to centrifugal filter and centrifuge again. This process was 

repeated for 3 times to get rid of excess DEG. The final products were dispersed in water and 

stored in room temperature for future use.

Synthesis of iron oxide nanoparticles without addition of reactant. In a typical reaction, 

Fe(acac)3 (247 mg, 0.7 mmol) was mixed with DEG (7 mL), and stirred under argon in a three-

necked flask. Mixture was heated to 120 ˚C for an hour and further heated to 230 ˚C. The reaction 

mixture (0.5 mL) was collected using glass syringe at 0.5 h, 1 h, 2 h, 3 h, 4 h and 6 h of reaction 

time. After the samples cooled down, reaction mixture (50 µL) was mixed with 400 µl MilliQ 

water, and purified in centrifugal filtration (Amicon, 30K) at 8000 rpm for 10 mins. MilliQ water 
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was added to the mixture and centrifuge again. This process was repeated for 3 times to get rid of 

excess DEG. 
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A continuous growth phenomenon was discovered for synthesis of water-soluble iron oxide 

nanoparticles with nanometer-scale size control in an amphiphilic solvent. The as-prepared 

nanoparticles were extremely water soluble without any surface modification. Magnetic resonance 

imaging phantom studies show that the nanoparticles synthesized by this method had 

extraordinarily high transversal and longitudinal relaxivities compared to those of the same size 

prepared by the thermal decomposition method.
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