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The environmental aging of functional iron oxide nanomaterials, especially those used in biomedical

applications, may have significant consequences for both their mechanism of action and their safety

profile. However, to date, there has been no way to systematically measure this property, and the

problem has been largely overlooked. We show here that a recently proposed “center of gravity”

method for determining the composition of magnetite (Fe3O4) and maghemite (c-Fe2O3) mixtures via
57Fe M€ossbauer spectroscopy can be applied to the matter. We show that a long-established diffusion

model can be used to characterize the oxidative aging process, yielding a parametric (and therefore

predictive) description of the magnetite-to-maghemite oxidation processes occurring within the

nanoparticles. Published by AIP Publishing. https://doi.org/10.1063/1.5050217

Functional iron oxide nanomaterials are widely used in

biomedical applications, with currently approved agents

being used in magnetic resonance imaging, sentinel node

detection, iron replacement therapy, and magnetic thermoa-

blation and with many other prospects such as targeted drug

delivery being actively explored.1,2 These nanomaterials

almost invariably comprise magnetite (Fe3O4) and/or its oxi-

dation product, maghemite (c-Fe2O3), both of which have

high room-temperature magnetizations.3 At an atomic level,

these two phases are quite different, with magnetite being a

mixed-valent oxide containing both ferrous (Fe2þ) and ferric

(Fe3þ) ions in a 1:2 molar ratio, whereas all of the iron in

maghemite is in the Fe3þ state. However, at a macroscopic

level, the nanoscale form leads to experimental effects, such

as the broadening of X-ray diffraction lines, which render

the two phases virtually indistinguishable. Recognition of

this difficulty has led to the adoption in the field of an unoffi-

cial convention, whereby a product of unknown composition

is commonly referred to as “magnetite/maghemite.”

At the same time, for biomedical applications, there is

increasing recognition of the importance of the redox-active

aspects of these iron oxides, which depend implicitly on the

molar ratio of ferrous and ferric ions, x ¼ Fe2þ/Fe3þ. This

applies both to prospectively beneficial mechanisms of

action, such as in the recently proposed fields of macrophage

phenotype activation4,5 and enzyme mimetics,6 and to poten-

tial safety concerns related to the production of reactive oxy-

gen species via the catalytic Haber-Weiss and Fenton

chemistry pathways.7,8 In this context, there is a clear need

for a reliable method of measuring x in the nanoparticulate

state. Furthermore, it is important to be able to characterize

the time-evolution of x under standard environmental (e.g.,

storage) conditions, as this may significantly affect both the

material’s in vivo mechanism of action and its safety profile.

To this end, we apply here the “center of gravity”

(COG) method9 that allows for the Fe2þ/Fe3þ molar ratio in

magnetite/maghemite nanoparticles to be non-destructively

determined via 57Fe M€ossbauer spectroscopy, and we monitor

thereby the oxidative aging process in relation to the time-

dependent transformation of Fe2þ to Fe3þ ions. M€ossbauer

spectroscopy has been used previously to explore the aging of

iron oxide nanoparticles,10 but the use here of the COG

method allows for a more systematic and quantitative analysis

to be performed.

For illustrative purposes, two similar but different mag-

netite/maghemite nanoparticle systems were studied. Both

were bare (i.e., uncoated) single-core nanoparticle systems.11

Both had log-normal core size distributions (as evidenced by

transmission electron microscopy), with comparable median

diameters of ca. 14.9 nm and 16.8 nm and log-normal stan-

dard deviations of ca. 0.13 and 0.19, respectively. The struc-

tural and magnetic properties of both samples, as measured

by X-ray diffraction and SQUID magnetometry (the latter

including hysteresis data at 5 K and 300 K and variable tem-

perature remanent magnetization data), were almost indistin-

guishable. As such they were, ostensibly at least, very

similar materials.

The samples were, however, the products of quite dif-

ferent synthesis routes. Sample S1 was produced via
the Na2CO3-reduction co-precipitation method under air-

sensitive conditions and conventional heating,12 whereas sam-

ple S2 was produced via Na2CO3-reduction co-precipitation in

air, with microwave-assisted heating.13 Both were freeze-dried

immediately after synthesis to produce a friable powder, which

was then subsequently allowed to age in air. On the basis of

their different synthesis pathways, it was anticipated that S1

would be more susceptible to oxidative aging than S2, having

been produced under reduced-oxygen conditions.

To test this hypothesis, the Fe2þ/Fe3þ molar ratios of

both samples were serially measured over more than three

years using the M€ossbauer COG method, as introduced by

da Costa et al.14 and as elucidated by Fock et al.9,15

According to the COG method, a single parameter (dRTÞ—
the “center of gravity” or area weighted mean isomer shift at

room temperature, T¼ 295 6 5 K—is extracted by curve-

fitting a spectrum using a partly constrained16 superposition
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of Lorentzian singlets, doublets, and sextets. The dRT param-

eter correlates with the number of Fe atoms in the magnetite

environment: a ¼ Femagnetite/Fetotal ¼ ðdRT � doÞ=m, where

do¼ 0.3206 6 0.0022 mm/s and m¼ 0.2135 6 0.0076 mm/s.9

This in turn leads to the molar ratio, as x ¼ a/(3 � a).

Room temperature M€ossbauer spectra of the as-made S1

and S2 samples, recorded on day 1, are shown in Fig. 1. It is

evident that the absorption lines in the S1 spectrum are nar-

rower than those in the S2 spectrum, which may indicate that

the microwave-mediated accelerated nucleation and growth

route used for sample S2 leads to a more disordered and/or

less crystalline local structure.

The measured dRT and derived x values over the entire

three-year course of experiments are shown in Fig. 2. In both

S1 and S2, it is clear that there is a steady process of oxida-

tive aging, with both samples starting with ca. 20 at. % of the

iron in the Fe2þ state and both reaching much lower values

of ca. 2 at. % after three years.

To analyze the oxidative aging process, it is useful to

review the mechanics and mathematics of how magnetite

oxidizes to maghemite. Contrary to common expectation, the

oxidation of magnetite nanoparticles does not occur by oxy-

gen diffusing into the particle but rather by the diffusion of

iron ions out of the particle.17 That is, the particles oxidize

“from the inside out.” The process has two steps. First, oxy-

gen is adsorbed to the surface of the nanoparticle where it

becomes ionized by those electrons that are released by the

oxidation of Fe2þ to Fe3þ, thereby preserving the charge

neutrality of the material.17 Second, the surface oxidation

results in a concentration gradient,18 which leads to the fur-

ther diffusion of iron ions to the surface.

It should be noted that it is not entirely certain which of

the iron species diffuses from the core to the surface or

whether it may be both. Plausible mechanisms exist for both

(a) Fe2þ ions being drawn out from the core by the Fe2þ con-

centration gradient set up by the surface oxidation process,

and (b) internal Fe2þ ions being oxidized in situ through

encounters with mobile electrons, and the resultant Fe3þ ions

diffusing away from the site to maintain the charge neutrality

of the structure.19 In the analysis to follow, we will describe

the oxidation process in terms of the increasing concentra-

tion of Fe3þ ions in the material, Fe3þ½ �t, which varies from

66.7% in magnetite to 100% in maghemite, but we do so

only as a matter of convenience.

Turning to the mathematical models of diffusion, sev-

eral authors have reported on the kinetics of “low temper-

ature” (meaning ca. 220 �C) oxidation in micron-sized

magnetite particles.19,20 In these works, the diffusion coeffi-

cient was obtained by solving Fick’s second equation: a par-

tial differential equation that describes diffusion due to a

time-varying concentration of the diffusing substance. For

simplicity, it is usual to assume spherical particles for which

oxidation is both isotropic and occurs radially via the diffu-

sion of ions from the core to the surface. The non-steady

state solution to this, provided by Crank,21 is expressed in

series form as

Mt

M1
¼ 1� 6

p2

X1

n¼1

1

n2
exp �Dn2p2t=r2
� �

; (1)

where Mt is the quantity of Fe that has diffused out of a

sphere of radius r in a time t, M1 is the corresponding quan-

tity at t ¼1, and D is the diffusion coefficient.

We apply this to the COG data by noting that

Fe3þ½ � ¼ 1

1 þ x
¼ 1� a

3
(2)

and by defining the experimentally determined initial and

terminal Fe3þ concentrations as Fe3þ½ �0 and Fe3þ½ �1, so that

Mt

M1
¼ Fe3þ½ �t � Fe3þ½ �0

Fe3þ½ �1 � Fe3þ½ �0
: (3)

This expression then allows for a straightforward numerical

evaluation22 of Eq. (1) to be obtained, which can be compared

to the experimental data in Eq. (3), and in turn can provide an

estimation of sample-specific diffusion coefficients, D.

Applying this analysis to samples S1 and S2 results in

the data presented in Fig. 3 and Table I. On inspection, it is

FIG. 1. Room temperature 57Fe M€ossbauer spectra of magnetite/maghemite

samples S1 and S2, recorded 1 day after synthesis. The solid lines indicate

the results of least-squares fitting of the spectra using Voigtian line profiles

(Gaussian distributions of Lorentzian lines).

FIG. 2. Measured dRT area weighted mean isomer shifts (circles) and

derived x ¼ Fe2þ/Fe3þ molar ratios (bars) obtained by analyzing the 57Fe

M€ossbauer spectra of samples S1 and S2 using the COG method. The spec-

tra were recorded serially over more than 3 years, during which time the

powder samples were exposed to environmental aging in air.
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apparent that the fits are very good and that they accurately

reflect the features in the data, notably the approach to satu-

ration in S1, and the absence thereof in S2. Both samples

had initial Fe3þ concentrations of ca. 80%, indicating that

neither was a “pure” magnetite at the outset, and both sam-

ples had terminal Fe3þ concentrations of ca. 98%, indicating

that some persistent residual Fe2þ ions remain, presumably

in the particle cores.

The most striking difference between samples S1 and S2

lies in their diffusion coefficients, which differ by an order

of magnitude. S1 has the faster diffusion (larger D), as evi-

denced by its relatively rapid approach to Fe3þ½ �1 saturation.

Thus, for example, S1 loses half of its initial Fe2þ content

and reaches an Fe3þ½ �t level of 90% after ca. 10 days, while it

takes S2 ca. 70 days to reach the same level. This is consis-

tent with our initial expectation that since sample S1 was

prepared under anaerobic conditions, it would be more sus-

ceptible to oxidative aging than S2. That said, the M€ossbauer

data of Fig. 1 showed that S2 was significantly less crystal-

line (as evidenced by the broader absorption lines) than S1,

and reduced crystallinity has in the past been reported as a

factor in promoting oxidation rates.17 As such, it appears that

there may be competing factors at work in these two sam-

ples, determining the overall diffusion rates.

It is notable, and somewhat surprising, that in both cases,

the diffusivities are rather low. Sidhu et al.19 reported that for

the micron-sized magnetite particles that they studied, the dif-

fusion coefficients followed an Arrhenius type law

D ¼ Do exp �E=RTð Þ; (4)

where R is the gas constant, and Do � 3.16� 10�9 m2/s and

E � 81 kJ/mol are experimentally determined constants.

Applying this equation to T¼ 295 K, one obtains D � 1.3

� 10�23 m2/s, which is 4� larger (i.e., faster) than in S1 and

29� larger than in S2. It is not immediately clear why it

should be the case that the diffusivity of the iron ions in these

materials should be so low.

To explore this further, it would be interesting to under-

take a more comprehensive study of the oxidative aging of a

broader range of magnetite/maghemite nanomaterials. In

particular, one might anticipate that factors such as particle

size, morphology, crystallinity, and impurity levels may all

play a role in determining the diffusion properties.

It is also worth noting that the analysis as applied here

has been intentionally simplistic, for example, by ascribing a

single mean particle size to the sample (viz. the median size

from the measured log normal distribution), rather than tak-

ing account of its polydispersity. It is possible that a more

detailed study, allowing for possible variations in diffusivity

as a function of particle size, might provide further insight

into the underlying processes.

In any case, it is clear that the M€ossbauer-based COG

method is a useful tool in the study of environmental oxida-

tive aging in magnetite/maghemite nanomaterials. It is an

inherently non-destructive measurement modality, which

allows longitudinal studies to be performed over days,

weeks, months, and years. It provides substantive data on the

relative concentrations of Fe2þ and Fe3þ ions in a sample

and lends itself to modelling and the extraction of character-

istic parameters such as the diffusion coefficient, D. This

then allows quantitative comparisons to be made between

samples, which may support future research initiatives, such

as efforts to prolong the shelf-life of magnetite,23,24 or the

synthesis of magnetite nanoparticles with oxidation-resistant

coating layers.25,26

See supplementary material for further details on the

structural and magnetic properties of the samples and the

M€ossbauer experiments and fits.
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