
Supporting Information

How to choose a precursor for decomposition solution-phase 
synthesis: The case of iron nanoparticles

David A. J. Herman, Soshan Cheong, Andrew J. McGrath, Benjamin F. P. 
McVey, Matthias Lein and Richard D. Tilley*

Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2015



Supporting Information

Contents

Experimental section | Detailed experimental and characterization techniques

Figure S1 | Size distribution of the iron nanoparticles synthesized via hot-injection using [Fe(5-C6H3Me4)2]

Figure S2 | High resolution transmission electron microscopy (HRTEM) image of iron nanoparticles synthesized 

via hot-injection using [Fe(5-C6H3Me4)2]

Figure S3 | Electron diffraction (SAED) of iron nanoparticles synthesized from each precursor

Figure S4 | FTIR- spectra of oleyl amine capped iron nanoparticles. 

Figure S5 | UV-vis plots of iron precursors investigated as a function of increasing reaction temperature

Table S1 | Computational calculations of bond dissociation energies (BDE) of each iron precursor

Figure S6 | Effect varying the reaction time has the iron nanoparticles size using [Fe(5-C6H3Me4)2]

Figure S7 | Magnetization curve of iron oxide nanoparticles obtained after a reaction time of 30 seconds 



Experimental Section

Preparation of iron/iron oxide core/shell nanoparticles: 

All reagents were purchased from Sigma Aldrich and used as received without further purification. All reaction 

procedures were performed under standard Schlenk techniques. The iron precursors [Fe(5-C6H3Me4)2] and 

[Fe(5-C5H5)(5-C6H7)] were both prepared according to previously described literature methods.[1] Ferrocene 

[Fe(5-C5H5)2] was purchased from Sigma Aldrich. 

For the synthesis of iron nanoparticles (NPs), 0.31 mmol of iron precursor, oleylamine (7.5 mmol) and 1-

octadecene (ODE) (1.5 mL) were degassed via freeze-pump-thaw (FPT) methods while separately ODE (8 mL) 

was degassed via FPT methods in a 3-necked flask then heated to 300°C, where the mixture containing the 

precursor was injected instantly. The reaction was left stirring at 300°C for 120 min then cooled to room 

temperature before being exposed to air and the iron NPs were purified via magnetic separation and redispersed 

in toluene for TEM analysis.

Physical Characterization

Transmission electron microscopy (TEM) images were taken on a JEOL 2010 TEM microscope at an acceleration 

voltage of 200 keV. Powder XRD measurements were obtained from a Pan Analytical X’pert Pro MPD X-ray 

diffraction System using Cu Kα radiation. Magnetization measurements were obtained from a dried iron NP 

sample, pressed and secured in a cylindrical gelatin holder and performed on a Quantum Design MPMS 2 SQUID 

magnetometer. Measurements were made using a Quantum Design MPMS 2 SQUID magnetometer. The variation 

of the magnetic moment was carried out by altering the applied field from 60,000 Oe (6 T) to -60,000 Oe (-6 T) 

at 300 K. The diamagnetic contribution of the gelatin capsule was corrected for by subtracting from the data sets 

the magnetic moment measured for the empty gelatin capsule and sample holder, but considered negligible due 

to the high magnetization values obtained from the NPs measured. UV/vis measurements were performed on an 

Agilent Diode Array Spectrometer 8453.

Computational Calculations

All calculations employed Density Functional Theory (DFT) in the form of the B3LYP hybrid-functional,2 with 

the TZVP basis set of triple-ζ quality.3 Molecules were optimized without symmetry constraints. Harmonic 

vibrational frequencies were calculated and all structures were determined to be minima on the potential energy 

surface. All calculations were performed using the Gaussian 09 Revision B.01 program4.



Figure S1. Size distribution of the iron/iron oxide core/shell nanoparticles synthesized via hot-injection at 300°C 

using bis(1,3,5-exo-6-tetramethyl-5-cyclohexadienyl)iron, [Fe(η5-C6H3Me4)2]. The average nanoparticle size 

was 15.8 ± 1.6 nm.

 

Figure S2. HRTEM image of the iron NPs synthesized via the decomposition of [Fe(η5-C6H3Me4)2]. The darker 

core is single crystal α-Fe with lattice spacing’s corresponding to Fe(200) planes. The lighter contrast shell is 

polycrystalline iron oxide with multiple planes observed in sections of the shell. Inset shows the corresponding 

FFT of the α-Fe core area in white dashed box viewed down the Fe <100> zone axis



Figure S3. TEM images and corresponding selected area electron diffractions (SAED) of the iron NPs synthesized 

from a) [Fe(η5-C6H3Me4)2], b) [Fe(η5-C5H5)(η5-C6H7)] and c) [Fe(η5-C5H5)2]

Figure S4: The IR peak positions (in cm-1) for oleylamine are assigned as: 3005, ν (C=C-H); 2925, νas (CH2); 
2852, νs (CH2); 1618, ν (C=C); 1466, δas (CH2). These peaks are visible on the IR spectrum of the as-synthesized 
Fe NPs. The strong absorption band at 1620 cm-1 corresponds to chemisorbed atmospheric water on the surface 
of the washed Fe NPs.



Figure S5. UV-Vis absorbance spectra monitoring precursor decomposition of a) [Fe(η5-C6H3Me4)2], b) [Fe(η5-

C5H5)(η5-C6H7)] and c) [Fe(η5-C5H5)2] as a function of reaction temperature. 

UV-Vis spectroscopy was performed on the precursors to monitor their decomposition. 0.31 mmol of iron 

precursor was suspended in a mixture of oleylamine (7.5mmol) and octadecene (9.5 mL) and heated from room 

temperature to 300°C, with reaction aliquots being removed every 25°C, quenched in an ice-bath to arrest any 

further precursor decomposition and suspended in cyclohexane. Precursor decomposition is observed to occur 

when the intensity of the peak of interest increases, which is indicative of the formation of small Fe clusters and 

nuclei resulting in the solution becoming too opaque to measure absorption as a result of scattering. 

For the decomposition of a) [Fe(η5-C6H3Me4)2], reaction aliquots taken from 25 – 200°C resulted in no obvious 

change in absorbance with a shoulder observed at 462 nm. Aliquots taken from 225 – 300°C resulted in a sharp 

increase in intensity at 462 nm. For b) [Fe(η5-C5H5)(η5-C6H7)], reaction aliquots taken from 25 – 150°C resulted 

in no obvious change in absorbance at 413 nm. Aliquots taken from 150 – 225C resulted in a gradual change in 

intensity at 413nm, plateauing off at 225 – 300°C. For c) [Fe(η5-C5H5)2], no observable change in peak intensity 

at 441 nm is observed between 25-300°C indicating minimal precursor decomposition.

Table S1. Computational calculations of bond dissociation energies (BDE) of ligands from the respective 

precursors Fe(II) centers. Below, molecular structures of the precursors resolved from the computational 

calculations, from left to right, a) [Fe(η5-C6H3Me4)2], b) [Fe(η5-C5H5)(η5-C6H7)] and c) [Fe(η5-C5H5)2].



Reaction ΔE (kJ.mol-1)

a) Fe(η5-C6H3(Me)4)2  Fe(η5-C6H3Me4)+ + C6H3Me4
- -199.4

b) Fe(η5-C5H5)(η5-C6H7)  Fe(η5-C5H5)+ + C6H7
- -233.5

     Fe(η5-C5H5)(η5-C6H7)  Fe(η5-C6H7)+ + C5H5
- -209.4

c) Fe(η5-C5H5)2  Fe(η5-C5H5)+ + C5H5
- -224.6



Figure S6. Overall nanoparticle (grey), iron core diameter (black) and iron oxide shell width (light grey) versus 

reaction time (min) of iron NPs synthesized from [Fe(η5-C6H3Me4)2]. Time-resolved samples were obtained by 

performing 5 different reactions with reaction times of 0.5, 30, 60 and 120 min. (Standard size deviation is shown 

as error bars. Representative TEM images of each sample are shown in A-D). Scale bars: 20 nm

Figure S7. Room temperature magnetization curve of the iron oxide NPs synthesized after 30 s using [Fe(η5-

C6H3Me4)2]. Inset shows the low field regions with the curve intercepting at the origin, indicating the absence of 

remnant magnetization or coercivity indicating superparamagnetic behavior
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