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Abstract. Chemical stability and good biocompatibility undenysiological conditions render nanoparticles
made of the spinel oxide magnetite a favorableahi biomedical diagnostic and therapeutic apptioa that
benefit from high levels of magnetization and sppeamagnetism. Under ambient atmosphere, however,
magnetite nanoparticles are prone to undesiredatimitl leading to an at least partially oxidized nfioof
magnetite. In the present work k8, nanopowders (with a particle size of 10-50 nm)ewnprepared under
different conditions via chemical co-precipitatiorethod, resulting in samples with different oxidatievels.
The effect of oxidation of the prepared samplesttair morphological, structural, electronic and meiic
properties is followed, respectively, by the meahdransmission electron microscopy (TEM), powderay
diffractometry (PXRD), °’Fe Mossbauer spectroscopy (MS) and electron magnesonance (EMR)
spectroscopy measurements. A novel method is abfdielecompose the heavily broadened room-temperatu
>’Fe Mossbauer spectra of the nanoparticles intoakigof intermediate valence & and that of F& iron
species. The results indicate that the cubic mtparameter of non-stoichiometric magnetite narimbes
depends on the concentration as well as on the medation level of the intermediate valence irpedes. At
the same time, EMR spectra of the samples inditate oxidation influences the magnetic anisotropyhe
nanoparticles, with the magnitude of the nanopadicmagnetic anisotropy field being correlatedhwtibe
concentration of the intermediate valence iron EsedMalic acid, used as coating agent for sevefahe

samples, is shown to hinder the oxidation of matmeanoparticles.
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1. INTRODUCTION

Their small size, high surface area fraction andjum electronic and magnetic properties
can render magnetic nanoparticles useful for varapplication purposes [1,2]. Among them,
magnetite nanoparticles are found to be exceedingBful in application fields such as
catalysis [3], environmental remediation [4], biaiwal diagnostic and therapeutic
applications [5] as well as biological tissue erginng [6]. Magnetite nanoparticles are a
favorable choice in these applications on accotinh@r advantageous material properties,
such as high Curie-temperature, high levels of raigation, superparamagnetism along with
chemical stability, low toxicity and good biocomipdity under physiological conditions,
among others [1,5]. However, magnetite has long lk@®wn to be prone to oxidation under
ambient atmosphere [7,8,9], leading to partiallyded, non-stoichiometric magnetite, to
maghemite, or to a mixture of the two as intermiedpaoduct [8]. The effect of oxidation can
be especially pronounced in the case of nanopestittiat display an enhanced surface to
volume ratio with respect to larger-size particlgs9]. Though maghemite and non-
stoichiometric magnetite do share some of the adgaous properties of magnetite [10],
there are also key differences [11] that make ungumalnis characterization of corresponding
particles desirable from the applications point wew: while the saturation mass
magnetization of magnetite (92-100 Aky) exceeds that of maghemite (60-80%kg) by a
considerable margin [2,9,12], the magnitude oft finsler magnetic anisotropy is also known
to decrease with decreasing’Feoncentration in non-stoichiometric magnetite [1Bhese
physical properties are especially important inftakel of biomedical applications [5]. At the
same time, the reducing ability of magnetite, cdesad in the reduction of aqueous
contaminants, has also been shown to decrease imgtieasing levels of cation non-
stoichiometry [14]. In order to determine the shility of magnetite nanoparticles and the
corresponding preparation and handling proceduresafparticular application area, it is
therefore desirable that they are reliably chared regarding their oxidation state and
associated properties.

To assess material properties related to the awitlatate of iron oxide particles, one may
turn to several different spectroscopic methodshsas, e.g.>’Fe Mdssbauer spectroscopy

[7,8,9,11], Raman spectroscopy [15], X-ray photoet:n spectroscopy [16] and X-ray



absorption spectroscopies [17]. Concerning the cmitipn of iron oxides with respect to
iron ions in different valence statédFe Mossbauer spectroscopy may be considered as one
of the most commonly used techniques to gain rekewdormation about iron oxide samples
[11], and it is frequently the method of choiceinnestigations regarding nanomaterials [9].
However, while bulk maghemite and magnetite caimtdeed well distinguished on the basis
of their room-temperaturé€Fe Mdssbauer spectra [8,18], when prepared in @meparticle
form, various levels of oxidation combined with aehtion effects, such as collective
magnetic excitation, complicates the room-tempeeatt/iFe Mossbauer spectrum of
(nominally) magnetite nanoparticles in a way thaikes it questionable whether and to what
extent the studied sample can be regarded as nitegnebn-stoichiometric magnetite,
maghemite or a mixture of these phases. Furthermueelapping of F& Méssbauer spectral
components associated with maghemite and magmetitenake the results of corresponding
guantitative analysis of mixture and solid solutsamples inconclusive [8].

Similarly, X-ray diffractograms of magnetite nandpde powders are usually
characterized by broad reflection peaks on accoltite small crystallite size, and reflections
that could serve as the basis of distinction betwaagnetite and maghemite (due to vacancy
ordering in the latter [11]) can be small and begetl enough to be lost in the statistical noise
of the measurement [8]. Additional broadening daeat strain in the lattice parameter
reflecting a distribution in the oxidation level canron concentration attributes of the
nanoparticles can stand in the way of an unambiguuay diffractometry based phase
analysis, too.

While lowering the sample temperature will in getheeduce thermally agitated relaxation
effects and associated broadening in the Mésstkspestra [11], application of an external
magnetic field may have a similar effect [19] besigromoting the separation of
subcomponents associated with iron ions having sippapin directions [20]. However,
lowering the temperature of magnetite will inducstaictural (cubic to orthorhombic [21])
and electronic (metal to insulator [22]) transitiah(1120 K (Verwey transition), which is
accompanied by associated changes in the magnepenies [23] and leads to further
complications of the Méssbauer spectral pattern. [[hlthis respect an additional source of
uncertainty arises due to the Verwey transitiongerature being reduced in correlation with

decreasing particle size [24] as well as with iasreg non-stoichiometry [25] of magnetite.



In addition, measuring spectra at the temperatdiréh® boiling point of liquid nitrogen
(077 K) may also turn out to be impractical on aetaf an unsuitability of low-temperature
spectra for providing conclusive proofs concerrimg concentration of magnetite along with
its partly or fully oxidized counterparts in thengale [8]. Measuring below room temperature
in order to reduce relaxation effects, but at thenes time above the Verwey transition
temperature in order to avoid associated comptinatiof the spectral shape may help
spectrum decomposition by reducing line broadeiirig. At the same time, lowering the
temperature is also expected to result in an awiditi broadening of absorption peaks
associated with intermediate valence iron ionsesttip electron hopping at octahedral sites
in magnetite [26].

Placing the sample in external magnetic field, whil may improve separation ofFe
Mdossbauer spectral components associated with ioms situated at octahedral and
tetrahedral sites, does not necessarily cancelrappdroadening effects [19] related to
magnetic relaxation, particle size distribution, nfstoichiometric compositions and
magnetite-maghemite phase mixtures. At the same, iincan introduce an additional source
of ambiguity related to the degree of magnetic qmddion of iron ions situated in the
multitude of different microenvironments, and inwaters it may also contribute to line
broadening due to the random orientation of theteatltes with respect to that of the applied
magnetic field.

In general, due to the complexity of correspondiige Mossbauer spectra, for non-
stoichiometric magnetite/maghemite nanoparticletesys the application of an external
magnetic field and/or the measurement at low teatpezs while able to provide additional
information about the studied sample, do not necdgsensure achievement of an
unambiguous result concerning the sample compasjfif]. Improvement of reliability of
corresponding results derived on the basis of meaily accessible room-temperatifee
Mossbauer spectra would therefore be desirable.9Boeld also consider that especially in
the case of biomedical applications, the room-teatpee material properties can be seen as
being more relevant from the applications' pointvidw than those characterizing the
nanoparticles at lower temperatures.

In the present work we contribute to this field inyestigating the effect of preparation

conditions on structural, morphological and magnptoperties of k80,4 nanoparticles, and



by presenting a quasi model-independent methochalysis for the decomposition of room-
temperaturé’Fe Mossbauer spectra that display considerabledbriiag and overlapping of
absorption peaks. Through a consistent analysiexperimental results observed by the
methods of transmission electron microscopy (TEM)wder X-ray diffractometry (PXRD),
electron magnetic resonance (EMR) spectroscopy ‘&edMossbauer spectroscopy (MS), we
demonstrate that by using the proposed model, anachieve reasonable decomposition and
analysis of room-temperatutde Mossbauer spectra of356, nanoparticle systems even in
the presence of excessive absorption line broagerdnsed by collective magnetic excitation

and partial oxidation of magnetite nanoparticles.

2. EXPERIMENTAL

2.1. Synthesis

Fe;04 nanopowders were prepared via chemical co-pretipit method starting from
mixed solution of F& and F&" salts in strongly alkaline aqueous medium. Fe3®,0 and
FeCk-6 HLO were used as reagent grade metal precursors a@tHNor pH adjustment in
starting solutions. In a typical synthetic proceut7.15 g FeSO7 HO and 35.5 ml FeGl
solution (3.50 M) were dissolved in 500 ml distillevater. 53.0 mg of malic acid dissolved in
200 ml distilled water was then added as coatireptign case of the samples M3a, M3b and
M4, while for the rest of the samples a correspogdimount of distilled water was added
without the acid. The pH was then adjusted usin@Masolution prepared by dissolving
20.7 g NaOH in 200 ml distilled water. After thé&aine solution was added, the color of the
solution changed from orange to black rapidly. e nhext step the reaction mixture was
homogenized via vigorous stirring for 15 minutesrabm temperature either under air
(samples M2, M4) or under nitrogen atmosphere ($esnplla, M1lb, M3a, M3b). The
solution was heated to reflux at 100°C for 2 houdtier the reaction was completed, the
obtained particles were filtered and purified byshiag several times with distilled water, and
then dried either at room temperature (samples N2g) or at 80°C (samples M1b, M2,
M3b, M4).

The samples fot'Fe Mdssbauer spectroscopy were prepared by evisitipdting 10 mg

of the prepared powders over a collimated area.bfcf, and then fixing the sample



geometry thus achieved by pouring melt paraffin wa&r the area in question. The resulting
samples had approximately 14.4 mglaurface density of natural iron.

Electron magnetic resonance (EMR) spectroscopy mneaents were carried out at room
temperature on 0.1 mg nanoparticle powder evenlyediwith 19.9 mg KBr in order to

realize a steady random powder geometry.

2.2. Characterization

Powder X-ray diffraction patterns of the powdergaevebtained at room temperature either
with a Philips X'Pert diffractometer (sample M1hk)with a Philips PW3710 based PW1050
Bragg-Brentano parafocusing goniometer (all oth@m@es), by using Cu Kradiation,
graphite monochromator and proportional countee $battering angle @was adjusted in
the range of 20...85 deg in step scan mode withpasste of 0.04 deg and a counting time of
1 s per step. The lattice parameters and the deaistic crystallite size of the nanoparticles
were determined by fitting the diffraction peakd_twrentzian functions with position and full
width at half maximum (FWHM) parameters determirmedthe basis of Bragg's law and
Scherrer’s equation [27], respectively, the laltkeing used in the form of

180 094
I'.(26)] deg= ‘1 dcosd -

I'(26) =T, +T, (26) (1)

whered is the characteristic size (diameter) of the efjists, A =0.154186 nm is the wave
length of the applied Cu Kradiation, I'(26) denotes the full width (FWHM) of the
diffraction peak associated with the scatteringler?g, and o= 0.11 deg accounts for
instrumental broadening.

Electron magnetic resonance (EMR) measurements eaeried out on a Bruker ElexSys
E500 X-band spectrometer. Unless otherwise notesl,conditions of EPR measurements
involved a modulation frequency of 100 kHz, modolatamplitude of 1 G, microwave power
of 0.02 mW and microwave frequencies fof 9.85-9.86 GHz. The spectra were scanned
twice in the magnetic field range of 100...10900i&h sweep time of ~ 84 s. The magnetic
field axis of the spectra obtained was rescaled, #09.85 GHz (i.e. abscissa values were
multiplied byfy/f) for analysis and further processing.

Transmission electron microscopy (TEM) measuremeetg carried out on the powdered

samples by a Morgagni 268D instrument operatirigpatkV.



>’Fe Mossbauer spectra of powdered samples weredegtan transmission geometry by
using conventional spectrometers (Wissel) operamt@bnstant acceleration mode along with
a°'Co(Rh) radioactive source providing thrays with ca. 20 mCi activity.'Fe isomer shift
values are given relative to thatafiron at room temperature. The spectra were andlige
assuming the nuclear gyromagnetic factorsgof —0.103267 andyy = +0.18088 for the
excited (e = 3/2) and ground { = 1/2) state of th&'Fe nucleus.

*>’Fe Mossbauer spectra and X-ray diffractograms \meadyzed by using version 4.0 of
the MossWinn program [28,29] that was complememiitk auxiliary libraries providing the

fitting functions for the PXRD measurements.

3. RESULTSAND DISCUSSION

On the basis of their TEM images (Figure 1) theppred powder samples are composed
of nanoparticles with a typical particle size ramgel0-20 nm, with the exception of sample
M1b in which case particles with a size @f50 nm can be observed. Magnetic interactions
among the particles are visualized in the tenderiaye individual particles to form larger
agglomerates with a characteristic diameter of 200hm. The causes for the larger particle
size of sample M1b in comparison with that of MXal &3b may involve the drying at
higher temperature and the preparation withoutiegaagent. As for the samples prepared
with coating agent applied (M3a, M3b, M4), the cogitagent malic acid becomes adsorbed
onto the surface of magnetite nanoparticles dusynghesis, with their carboxyl groups being
deprotonated due to the strongly alkaline agqueoedium, which can prevent the formation
of larger particles by hindering aggregation of plagticles via electrostatic repulsion.

Powder X-ray diffractograms of the samples (Figereonfirm the formation of the cubic
spinel phase in each case. The values of thedgiicameter and the average crystallite size,
as obtained from the fit of the diffractograms adowy to Bragg's law and Scherrer's
equation, are depicted in Figure 3. With the exoepdf sample M1b, the average crystallite
size of the nanoparticles corresponds well to theracteristic particle size, suggesting that
the corresponding powders are composed mainlyngiesicrystallites. In contrast, the larger
particles of sample M1b are polycrystals that Havmed from crystallites of the same size as
that found in the rest of the powders. Concernimegaverage crystallite size, there is a clear

distinction between samples that were prepared aitoating agent (M3a, M3b, M4) and



those that were prepared without it (M1a, M1b, MBE application of malic acid as coating
agent apparently leads to the formation of largestallites (Figure 3). The cubic lattice
parameter is significantly lower than that of bullagnetite & = 0.8396 nm) for all of the
samples, and the lattice parameter of sample M&otisally only marginally larger than that
of bulk maghemiteg= 0.834 nm) [11].

The X-band electron magnetic resonance spectrai@#) display broad ferromagnetic
resonance (FMR) signals for each of the samples.spectra are asymmetric (they are more
shallow around their minimum than around their nmaxin) as expected for magnetic crystals
displaying (negative) cubic magnetocrystalline amm@y such as magnetite (at room
temperature). There are also subtle differencesngrttte magnetic field values at which the
maximum level of absorption (where the measuredvaive curves cross zero around
B = 3000 G) can be observed for the different sampleowing [30], main features of such
spectra may be described with their asymmetry ratend effective spectroscopic splitting
factor ges. Definitions of these parameters in terms of #redmagnetic resonance signal are
given in Figure 5.

The asymmetry ratio values obtained (on the bddiseospectra displayed in Figure 4) for
the different samples are depicted as a functioth@frespectivges values in Figure 6. On
the one hand, all the samples display an asymmaticy that is higher than 1.0, which is the
expected behavior for crystallites with negativestfi order cubic magnetocrystalline
anisotropy. On the otheA displays a near linear dependence on the valuggofwhich
suggests that both quantities depend on a singiierlymg physical parameter. Indeed,
spectra associated with powders of magnetic c/stahracterized by different negative first
order cubic magnetic anisotropy field3;) [31,32] (assuming other attributes of the crystal
remain the same) can lead to such correlated difters in the values & and ge: an
increase inBy| will lead to the simultaneous increasefofind ges. It follows that from the
point of view of the profile of the X-band electronagnetic resonance spectra, the main
difference among the prepared samples lies in tfiereht values of the cubic magnetic
anisotropy fields associated with the correspondingstallites. According to Figure 6, the
largest absolute magnetocrystalline anisotropydfiel observed for sample M3a, and the

lowest for sample M2.



Magnetocrystalline anisotropy can be expected pede on the structure and composition
of the crystallites. Via moderate spin-orbit congli high-spin F& ions can contribute to
magnetocrystalline anisotropy in magnetite [33],ickh explains why decreasing ¥e
concentration leads to a decreasing magnitudeedfit$t-order magnetocrystalline anisotropy
in non-stoichiometric magnetite [13]. Thus, if aamples would differ exclusively in their
Fe* concentration, one could expect samples with lighand ges values to be closer in
composition to magnetite. On the basis of Figuréhi§, would then reveal sample M3a as the
most magnetite-like and sample M2 as the most nragedike (most oxidized) nanoparticle
powder among those investigated. In relation teehevo particular samples, the comparison
of corresponding cubic lattice parameters indeqatars to support this conclusion. This is
not the case, however, for all of the possible danpairs. For example, sample M1b is
characterized by a smaller lattice parameter, btheasame time by largé andge.s values
than M1la.

A possible reason for this could be the differemcéhe characteristic particle size of the
two samples. Namely, for nanoparticles which arealsrenough to have their magnetic
moment being subject to thermally induced relaxatithe apparent volumetric magnetic
anisotropy will decrease with increasing rate oé trelaxation, reaching zero in the
superparamagnetic state [32]. Given that magnelaxation phenomena are expected to take
place in our samples at room temperature, the appaubic magnetocrystalline anisotropy
field reflected by thé\ andget values obtained (Figure 6) could depend on thegasize as
well. Among particles with identical composition, agnetic relaxation will be more
suppressed for larger particles that may therefdigplay a higher apparent cubic
magnetocrystalline anisotropy field, with corresgimigly higherA andges values. This could
explain why sample M1b with the largest particleesdisplays higheA andges values than
M2, M1a and M4 (Figure 6), despite having a comimsiclosest to maghemite among these
samples on the basis of its cubic lattice param@&igure 3). In addition, a similar effect can
also be observed in the case of samples M4, M3b M8d, for which the increasing
crystallite size (in the given order) is accompdni®/ increasingA and gest values, even
though the respective cubic lattice parametersaddatiow a similarly consistent tendency.

Though the above observations appear to pointstantiportance of a size-related magnetic

relaxation effect in determining the valuesfoéindges, in the present case we do not expect



magnetic relaxation effects to have an appreciatilaence on the measured EMR spectra
(and the associated parameters) on account obtlghly 2 orders of magnitude shorter time
scale (with respect to that UfFe Mdssbauer spectroscopy) at which EMR spectrgsicoihe
X-band (in the 9-10 GHz microwave frequency rangainples the magnetic state of the
nanoparticles. Namely, due to this shorter timéesed a given relaxation frequency magnetic
relaxation effects are expected to have mildeuerice on the EMR spectra than they do on
>’Fe M6ssbauer spectra, and even in the case ohtter (Figure 7) we observe only the
effects of collective magnetic excitations (as ogumb to superparamagnetism). As an
example, we note that even whékRe Mossbauer spectra display superparamagnetiwioeha
of nanoparticles, X-band EMR spectra may still shear signs of the particles’ magnetic
anisotropy (compare, e.g., Figures 4 and S6 in)[3Bjerefore, for the present samples we do
not expect differences in the particle size to hav&able influence on the trend reflected by
the A asymmetry ratio (Figure 6), but further on we eatlput forward another possible
explanation for the discrepancies observed betwbentendencies reflected by the cubic
lattice parameter and the EMR parameter values.

Concerning the EMR measurements, it is also warthote that on the basis of th&des)
value pairs obtained (Figure 6) the present samgbesespond to the same region as that
typically spanned by synthetic magnetites and magfies along with biologically induced
magnetites according to [30].

Room-temperaturé ‘Fe Mdssbauer spectra of the samples are displayefigure 7.
Neither of the spectra reveals well separated sexti@ponents that could be identified as
originating from iron at tetrahedral or octahedsdks in magnetite. The broadening that
causes the heavy overlap of the absorption peaks imgart be attributed to the non-
stoichiometry of magnetite. Namely, the latter casult in a strain in the electronic state (and
thus in a distribution in the corresponding valoéshe hyperfine magnetic field and/or the
>’Fe isomer shift) of iron ions mainly at the octataégite of the spinel, transforming some of
the octahedral 8" iron species of ideal magnetite, e.g., to octadige . At the same time,
the broadened peaks of the sextet features dismegrd shoulders that are typical for the
relaxation phenomenon of collective magnetic eficites in the presence of a strain in the
magnetic anisotropy energy barrier of the individnanoparticles, which latter may be

caused by a moderate distribution in the particie,dor example. Such type of relaxation
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causes a distribution in the hyperfine magnetitdéig HMF), extending from a maximum
valudl characteristic to the largest partidletowards lower values associated with smaller
particle sizes. Due to this HMF distribution thésomponents associated with octahedral and
tetrahedral iron ions are both broadened consitier&boich spectra can be decomposed into
individual subcomponents in many different wayseteping on the presumptions made about
the sample and realized in the form of the selefitedodel. Among others, the spectrum of
samples M2 and M4 can be decomposed with high acgdor example into four broadened
sextet components as we have shown previously |8%]le most such decompositions will
reflect some part of the true nature of the cowagdpg samples (such as M4 being closer to
the state of magnetite than M2 [34]), in the cdsgpectra displaying as heavy overlaps of the
absorption peaks as displayed in Figure 7, anyofi slecompositions will raise the question
as to what extent were the final results obtaingldly due to the particularities of the fit
model applied. This can prevent the unambiguouailddtdecomposition of the spectra into
separate components associated withf Bed F&°*. (We use the notation ‘E&" to refer to

all possible iron species subject to fast eleclropping and characterized consequently by a
valence state intermediate betweeri*femd Fé&', irrespective of whether their intermediate
valence is exactly 2.5+ or not.) A possible waylleviate the mentioned ambiguity is to turn
to so called 'model independent’ methods [35] tteat be used even without advance
knowledge concerning the number of distinct comptsi¢hat contribute to the measured
spectrum. This typically enables one to reduce ribenber and simplify the nature of
assumptions incorporated into the fit model, whoaeim lead (provided that the simplified
assumptions are essentially correct) to resultsdh@ more definite than those achieved on
the basis of a presumed number of discrete subcoemp®. In the present case a multitude of
magnetic sextet components may be expected toilootato the measured spectra (Figure 7)
due to distributions mainly in th&Fe hyperfine magnetic field amdFe isomer shift (IS)
Mossbauer parameters that are sensitive messeofgtrs relaxation state (here mainly the
HMF) and the oxidation state (both IS and HMF) m@hiions. One can expect the highest
variability in the HMF parameter, and consequentlg may consider to describe the spectra
by assuming a powder sample with a distributiothehyperfine magnetic field, along with a
single °’'Fe isomer shift parameter common to all the fitssktet components. One can

readily apply such a fit model to the present speathich leads to a fair fit with a common
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isomer shift value of around]0.34 mm/s, reflecting the presence of*‘Fenly, and
characterizing all the samples essentially as beomgposed of fully oxidized magnetite /
maghemite nanoparticles subject to collective mageeacitations.

The differences we detected among the samples rongethe cubic lattice parameter
(Figure 3) and the magnetic anisotropy related Elgfectrum parameters (Figure 6),
however, indicate that there must be larger diffees among the spectra regarding their level
of oxidation, and the presence offemust therefore be assumed in the correspontifrey
Mossbauer spectra, meaning that the assumptiorsiofyée®’'Fe isomer shift value for all the
spectral components is not a reasonable one. Tmsideration calls for a fit model that
includes at least two overlapping magnetic subcomapts with possibly different isomer
shift values, each displaying a hyperfine magniid distribution. For the present case, we
set up a corresponding fit model as follows.

Decomposition of the Mdssbauer spectra into ovprtapcomponents is in general prone
to correlations among the amplitudes associateld thg individual components. A possible
way to reduce the uncertainty caused by such etiwek is to apply physically
reasonablé constraints to the fit model. A commonly appliedl atceptable such constraint
is to assume line widths of all Lorentzians the glad composed from to be the same. Any
differences in line broadening may then be covdfedmally) by the HMF distributions
themselves. Another constraint that we have app$iedefined by the assumption that any
differences between the isomer shifts of differeet’ and those between different?Pé
species can be neglected in comparison to thereliftes between the isomer shift values of
Fe’* and Fé°* species. This means that for each spectrum aesitejl isomer shift value and
a single F&>* isomer shift value can be assumed, and any spnetiet isomer shift values
associated with B& and F&°* species must be (formally and approximately) antel for
by corresponding broadening in the respective HMs$tridutions. In addition, we have
assumed that the oxidation level of the samplesiente mainly the isomer shift and the
relative area fraction of the £& components, without having appreciable effect oa t
isomer shift of the F& species. Accordingly, in our model we have coisédh the isomer
shift of FE€* components to have the same (fitted) value fathallsix spectra (Figure 7).

Applying the above constraints essentially mearsd the make an attempt to explain

differences between the measured spectra in teraliff@rences between the isomer shifts of
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intermediate valence iron species and the correpgrspectral area fractions, as well as in
terms of differences between the*Fand F&°>* HMF distribution profiles.

The fit parameters resulted from such a constraiiitedre listed in Table 1, and the
corresponding fit envelopes are displayed in FigureThe hyperfine magnetic field
distributions derived for the Eeand F&°* components are displayed in Figure 8. Figure 9
displays the Fe’* component isomer shift as a function of the spéctrea fraction of the
same component for the different samples.

The latter figure indicates that our approach winy successfully captured the essence of
the differences between the samples and the atstcpectra. Namely, on the one hand, the
largest isomer shift values are obtained for trepdas (M3a, M3b, M4) that were prepared
with coating agent adamong the present sampglethey are closest to realize the state of
magnetite on the basis of their cubic lattice pat@m (Figure 3). The B&" isomer shift
obtained for sample M4 i50.66 mm/s, a value that is typical for magnetit8]] though in
the context of the present samples this value appgeae an outlying one. The relative area
fraction of the F&>* component is also largest in the case of thesglsamApart from M4, it
appears that on oxidation of the samples bothsivmér shift and the relative area fraction of
the F&°* component is reduced. A possible explanationterdutlying nature of sample M4
is that this particular sample may be a mixture(drfect) magnetite and maghemite, as
opposed to being a non-stoichiometric magnetitechviatter state is probably better realized
by the rest of the samples. This view concerningpa M4 is also corroborated by the
changes caused by aging in the correspondifg Méssbauer spectrum (Figures S1-S3).
Overall, the results clearly reflect that malicdaapplied as coating agent hinders oxidation of
the nanoparticles.

The applied decomposition of the Mdssbauer sperdurther confirmed by the
correlation between the relative area fractionhef E&°* component and the cubic lattice
parameter (Figure 10) of the samples. One can disiect similarities between the
dependence of the lattice parameter (Figure 10}faetcof the’’Fe isomer shift (Figure 9) on
the Fé&°* component relative area fraction, suggesting that lattice parameter is also
correlated with the isomer shift of the intermediatalence iron ions, which is indeed
confirmed as shown in Figure 11. A lower isomeftshalue and a lower area fraction of the

Fe?>* component can both refer to a reducet/Fe** ratio, and thus to an enhanced level of
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oxidation in the samples. Assuming, as in [11]f thaxus = F€'/Fe* ratio can be estimated
as

XMS - FE3+ +1/2F625+ (2)

where the ion symbols stand for the correspondieg &actions in the measured Méssbauer
spectra (i.e. Fé+ F&€°"=1), we find a correlation betweem;s and the cubic lattice
parameter as shown in Figure 12(a), where a sima#s range is used as in Figure 7 of
reference [11] (displaying a correlation of simileture for numerous non-stoichiometric
magnetite samples) in order to facilitate compariggpart from sample M1b, the correlation
found for our samples shows fair agreement withahe depicted in the latter figure [11],
corroborating that our chosen fit method providedsonable values for the relative area
fraction of the F&>* component in the different samples. However, thdyimg nature of
M1b suggests that it may also be necessary tottakésomer shift of the latter component
into account when calculating the’&€’* ratio for a given sample. Namely, with respect to
Eq. (2) it would be justifiable to attribute lowE€”* concentration to those samples that show
an Fé>" isomer shift below that (0.66 mm/s [18]) charastér to perfect magnetite. As a
first approximation, the equivalent #eoncentration may be assumed to depend linearly on

the Fé°*isomer shift, leading to a corresponding modif@gression of

L . YOOFEe”  _ q6Fe”
YO TFE + (E Y O)FET  2-qOFeE” 3)
with
5 - 5min
q(d) ) 5max - Jmin ' (4)

where the index was introduced ixys s in order to distinguish the corresponding values
from xus of Eg. (2). Assumingdnax= 0.66 mm/s (see above, [18]), and the cubicchatti
parameters ofa=0.8339 nm anda=0.8394 nm [11] for maghemitex\ss=0.0) and
magnetite Xus 5= 0.5), respectively, along with a hypotheticaicsly linear dependence af
onxvs.s, by considering the cubic lattice parameter arff Higomer shift values obtained for

the present samples we aimed at findépg such that the correspondirgs s values provide
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the lowest squared deviation from the hypothesireehr dependence. The corresponding
calculations led ta,n = 0.372 mm/s, which is a reasonable value givenitHas between
the room-temperature isomer shift values associatédFe’” situated at the octahedral site in
maghemite (0.36 mm/s) and in non-stoichiometric megitge (0.39 mm/s) [18]. Thewss
approximation of the samples' ##€** ratio based on thighi, value can be calculated
according to Egs. (3) and (4), by using the obthife&>" isomer shift values as given in
Table 1. The dependence of the cubic lattice paemoa the calculatexiys s values is shown
in Figure 12(b). As expected on the basis of ilatieely low isomer shift value (Figure 9), in
this case sample M1b fits better in the overalhdreset by the rest of the samples.
Furthermore, the correlation between the cubiackatparameter andys s is closer to the
expected behavior (as reflected by Figure 7 ofresfee [11]) than the one displayed in
Figure 12(a), which finding corroborates our apptoaoncerning the role of the isomer shift
of the F&>* component in determining the formal’H&e** ratio in these samples.

Figure 13 displays thé asymmetry ratio EMR parameter as a function of fe&®*
component's relative spectral area. Apart from $ani4 that counts here again as an
outlying case, the asymmetry ratio, and thus thgmtade of the magnetic anisotropy field
shows a positive, near linear correlation with Méssbauer spectrum area fraction of the
Fe>* component. On the basis that decreasirfj éencentration should lead to a decreased
magnetocrystalline anisotropy magnitude in nonesti@imetric magnetite [13], this is indeed
the expected nature of interdependence betweere thaantities. Apparently, with the
exception of sample M4, differences in the relativea fraction of the E&" component can
explain the differences found in theasymmetry ratio (Figure 6), which suggests that th
isomer shift of the Fe’* component does not have a strong influencé\om contrast, the
cubic lattice parameter was found to correlate wfte mean isomer shift of the ¥
component (Figure 11), which correlation may thenabthe root of the formerly mentioned
discrepancy found between the trends reflectechbyAtasymmetry ratio (Figure 6) and the
cubic lattice parameter values (Figure 3). Namehpvided that a higher concentration of
intermediate valence F&"is accompanied by a reduced isomer shift valuth@fsame iron
species (and thus by a mean oxidation state clwse¢hat of F&), a change in the
asymmetry ratio is not necessarily accompanied tyrgesponding change in the cubic lattice

parameter. Among the present samples, M1b repesenexample for such a behavior, as
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reflected by its outlying nature on Figure 9. Tmay be connected to the larger size of its
particles that display a reduced specific surfacea dn comparison with the remaining
samples. Namely, in its case a larger concentratiaron ions resides in the interior volume
of the particles, than in the case of the resthef samples, which should tend to promote
preservation of a higher fraction of iron ions miatermediate valence state.

The effect of drying the powders at higher (80°€jnperature can be elucidated by
comparing attributes of samples Ml1a and M1b (bo#p@red without coating agent) as well
as those of M3a and M3b (both prepared with coatiggnt). On the basis of Figure 11 it is
clear that drying at 80°C (M1b and M3b) leads tower F&°* isomer shift value along with
a lower cubic lattice parameter than drying at rotamperature (Mla and M3a), i.e. it
promotes oxidation of the samples. While the sampie prepared with coating agent (M3a,
M3Db) is closer to the state of being magnetite ttrenpair prepared without it (M1a, M1b),
the presence of coating agent does not seem toa#iehe enhancement of oxidation caused
by drying at higher temperature. As for the casethed sample pair (M3a, M3b), the
corresponding magnetic anisotropy fields reflecydthe FMR data depicted in Figure 6
corroborate that the state of M3a is closer to meagmthan that of M3b. On account of the
lower F&>" isomer shift being accompanied by a largef eoncentration in sample M1b
(Figure 9), the same kind of comparison remain®netusive concerning the pair (M1la,
M1b).

4. CONCLUSIONS

Magnetite nanoparticles, having a crystallite siz¢he order of 10-20 nm and being subject
to different levels of oxidation, are characterizeg room-temperaturé’Fe Mossbauer

spectra displaying spectral broadening caused gy dimultaneous presence of non-
stoichiometry and thermally activated collectivegmetic excitations. On the basis of their
>’Fe Mossbauer spectra the different oxidation lewdlshe nanoparticle samples can be
followed mainly in terms of differences between tmean isomer shifts of intermediate
valence iron species and the corresponding speateal fractions. The sum of two spectrum
components displaying hyperfine magnetic field ribsitions with different characteristic

isomer shifts appears to be a suitable model feretktraction of these differences from the

>’Fe Mossbauer spectra, provided that the latteremsduated simultaneously by applying
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physically reasonable constraints that are ablall&viate uncertainties related to parameter
correlations arising from the overlap of the fittemmponents. Our results consistently reveal
that application of the coating agent malic acidirmy preparation hinders oxidation of
magnetite nanoparticles and leads to larger cligsgalthan the same preparation route
without the coating agent applied. Compared toigag dried at room temperature, drying
the as prepared nanoparticles at higher (80°C) ¢eatyre leads to their more pronounced
oxidation, which effect takes place regardless lé @pplication of the coating agent.
Correlations among Mdossbauer-, PXRD and EMR pararmetuggest that oxidation of
magnetite nanoparticles may result in an increasehe mean oxidation level of the
intermediate-valence iron ions as well as in ael®se of their concentration, with the relative
magnitude of the two effects possibly being infloeth by the particle size. While the cubic
lattice parameter appears to correlate with theceomation as well as with the mean
oxidation level of the intermediate valence iror@ps in non-stoichiometric magnetite, the
nanoparticles' magnetic anisotropy field, as réélédy EMR spectroscopy measurements, is
mainly influenced by the concentration of the ispecies in question.

The present results also underline the ability MREspectroscopy to reflect oxidation-
born deviations from the ideal magnetite stoichibgnen nanoparticle samples of non-
stoichiometric magnetite, and to distinguish insthiespect corresponding samples with

different oxidation levels.
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Table 1. Room-temperaturéFe Mossbauer parameters of the prepared sampldsedi®n the basis of the fit model
described in the textd stands for the’Fe isomer shift and\, for the FWHM Lorentzian line width of the indiviel
absorption peaks the models are composed fromlaftez was assumed to be the same for t&'Tamd F&" components,
and furthermore for all of the samples. Isomertshiff the F& components were assumed to be the same in aileof t
samples. The isomer shift of the?’®&component is drawn as a function of the relatiemdraction of the same component
on Figure 9. Standard erras)(in the last digit(s) of the quoted fit parametatues are given in parentheses. Concerning the
relative area fraction and the isomer shift of le&°>* componentg was calculated by keeping all other fit parametiees.

Sample Mla M1b M2 M3a M3b M4
Fe**" component

Relative area

fraction. % 26.8(0.9) | 28.2(0.5) 22.5(1.0) 34.8(0.6) 29.9(0.5) 6.180.5)
J mmst 0.569(18) | 0.535(11) 0.562(23) 0.603(13) 0.581(11) .658(13)
W, mm s* 0.387(5)

Fe** component

Relative area

fraction. % 73.2(1.2) | 71.8(0.9) 77.5(1.3) 65.2(0.8) 70.1(0.8) 3.960.7)
J, mm s* 0.295(3)

W, mm s* 0.387(5)
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Figure 1. TEM images of the prepared powder samplete the different scale in the case of the sammM2 and M4.

==

21



Counts

Counts

Counts

Figure 2. Powder X-ray diffractograms of the preplrsamples (recorded with Cy Kradiation) along with the
corresponding fitting curves, with the cubic spi(tedl) indexes indicated in the case of Ml1a. Siigmwder was mixed with
sample M2 in order to calibrate th@axis. Above the diffractograms the respectivediiduals are displayed. The sharp
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Figure 3. Average crystallite size (top) and culsittice parameter (bottom) derived on the basighef powder X-ray
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Figure 4. X-band electron magnetic resonance spet®.1 mg of the powder samples evenly mixed #&t9 mg KBr.
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Figure 5. Definition of ferromagnetic resonancectpan parameter (asymmetry ratio) and.g: a hypothetical microwave
absorption spectrum is shown on the left, wherbascbrresponding absorption derivative spectrush@wn on the right.
The index FWHM stands for ‘full width at half maxinrm’, pp stands for ‘peak-to-pealt,is the Planck constant, apg is
the Bohr magneton.
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Figure 6.A (asymmetry ratio) depicted as a functiorggf (Figure 6) for each of the prepared samples, tesm@ed on the
basis of the corresponding X-band electron magmetionance spectra (Figure 4). The uncertaintheAtvalues is below
00.01, while that of thge values is belovil0.002.
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Figure 7. Room-temperatuté~e Mossbauer spectra (depicted with circles) optlepared samples with the indication of the
fit envelope (solid line through the circles) ahé two subcomponents of the fit (solid lines). Tiheesiduals are displayed
below the spectra.
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depicted as a function of the Méssbauer spectrea faction of the corresponding broadened sextatasmponent. Error
bars refer to the standard error of the data.
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Highlights

(1) FexO4 nanopowders were prepared with different oxidakswels

(2) Novel method is applied to derive formafFievels from>’Fe Méssbauer spectra
(3) Correlations are revealed among structural,matig and Méssbauer parameters
(4) Malic acid coating agent is shown to hinderak@&ation of magnetite nanoparticles

(5) EMR spectroscopy reflects oxidation-born dewia from the ideal magnetite
stoichiometry



