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Abstract

Cubic-like shaped Zfre; 04 particles with mean size® between 15 and 117 nm were obtained by co-
precipitation. Particle size effects and prefemdnsipinel tetrahedral site occupation of?Zions led to
noticeable changes of physical properti2s> 30 nm particles displayed nearly bulk propertigsich were
dominated by Zn concentration. FBr< 30 nm, dominant magnetic relaxation effects werseoved by
Mdéssbauer spectroscopy, being the mean blockirgsjZ713 to 15 nm. Saturation magnetization increased
with x up tox /70.1 - 0.3 due to gradual removal of magnetite reigiing F&" moment cancellation and
decreased for largex due to weakening of superexchange interactions.eP@bsorbed by water and
Chitosan based ferrofluids from a 260 kHz radiafiexacy field was measured as a functionxpffield
amplitudeH, and ferrofluid concentration. Fdiy = 41 kA/m the maximum specific power absorptiorerat
was 367 W/g foD = 16 nm andk = 0.1. Absorption results could be interpreted initihe frame of the linear
response theory fdd, < 41 kA/m. A departure towards a saturation reginaes wbserved for higher fields.
Simulations based on a two levels description afoparticle magnetic moment relaxation provided good
behavioral agreement with these observations. Tegquéncy factor of the dissipative susceptibility
component showed a sharp maximurat 16 nm. This was satisfactorily described by satiohs based on
moment relaxation processes, which indicated asor@s from Neel to Brown mechanismsDat- 18 nm.
Hints for further improvement of magnetite part&clas nanocalefactors for magnetic hyperthermia are

discussed.
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1. Introduction

Magnetic nanoparticles (MNPs) are used in biomédicals for several diagnosis and
therapy applications (Pankhurst et al 2009). M#grg/perthermia therapy appears as a promising
technigue for low invasive treatment of tumorsnal@r by improving the efficiency of chemo and
radiotherapy. A relatively small increase of tenagare of 5 °C — 8 °C produces a large effect on
cancer cells viability (Overggard 1989). Magnetipérthermia therapy is currently performed in
clinical tries by exposing nanoparticles internadiznto tumors to a radio frequency (RF) field with
amplitudeH, of the order ofl. 10'to 2.5 16 A/m (Gneveckow et al 2004, Maier-Hauft al 2011).
Single domain MNPs absorb power from the field tiglo magnetic relaxation processes and
dissipate it into the tumor increasing its tempatleading to the apoptosis of the tumor celte T
power delivered by MNPs can be varied by chandiggand frequency of the field, but these
guantities cannot exceed physiologically imposexitdi. It has been reported thaérts of the
human body with a mean diameter of 0.3 m canna@Xpesed without discomfort to RF fields for
which the productfH, is larger than 5 FOA/ms (Brezovich 1987). However, there is a need fo
new independent determinations of the discomfatofaand also for a general discussion on its
definition. In principle it seems reasonable thatvialue should depend on the particular clinical
case as well as on specific treatment variablet siscfield localization and length of on/off
periods. Nevertheless, due to the obvious existeh@ediscomfort threshold, the enhancement of
delivered power relies on the improvement of MNB&g@mance, which must be achieved bearing
in mind that MNPs have to fulfill also biocompatityi and toxicity requirements (Héafeli et al
2007). Ideally the best candidate for effective drypermia treatments should be a magnetic
material with sufficient biocompatibility, large ts@ation magnetization, and a Curie temperature
(Tc) above, but not too far above, the therapeutigptature of 42 °C to 45 °C, i.e., able to deliver
enough power when temperatuirés below the therapeutic one but which switchdsadfen that
temperature is reached, therefore avoiding hazardearheating. Ferrimagnetic iron oxides have
the highest saturation magnetization of all knovimcbmpatible materials and have low cost in
comparison to other potential choices. Therefoey tre the most preferred materials for magnetic
hyperthermia, although their ordering temperatgravell above the therapeutic one. Magnetite
FeO, has an ordering temperature §f = 860 K and a room temperature (RT) saturation
magnetizatiorM = 90 Anf/kg. It has the cubic inverse spinel structure &hero thirds of the ions
are F&', half of these occupy sites (tetrahedral sites) and the other half desup sites
(octahedral sites). The remaining Fe ions afé &ed also occupB sites.

Doping magnetite with transition metal elementowli the modification of important
guantities as saturation magnetization. Here Zredapagnetite is prepared and studied as a first



step of a project which foresees further improvemesing other soluble additives (Tasaki and
lzushi 1977, Behdadfar et al 2012).,B&.,0, (0 < x < 0.5) MNPs and their aqueous based
ferrofluid (FF) suspensions have been prepawdrelatively non expensive chemical co-
precipitation synthesis route was selected beanimgind that potential therapeutic applications for
the general public demand for low cost materialsaMMNP sizes and compositions were selected
within a wide range of values in order to identihaterials parameters intervals in which high
specific power absorption rates (SAR) can be obthi(Hergtet al 2005). To this end, Zn
concentration was varied to search for maximumrattin magnetizatioMs. In order to achieve
an as complete as possible knowledge of the mkgesteuctural, microstructural and magnetic
properties, an exhaustive characterization wasopedd. This kind of system presents effects
arising from the variation of size, surface to volu ratio, and Zn concentration which are not
easily distinguished from each other, and thereftemands the concurrence of complementary
experimental techniques such as TEM, XRD, XAS, Méaser effect spectroscopy, and DC
magnetometry.

SAR was determined in agueous FF as a functiomaofahtent, FF concentration and RF
amplitude, and analyzed on the basis of the linesponse theory and other models. lIts

experimental values were correlated with the playsicoperties of the MNPs.

2. Experimental
2.1 Sample preparation
2.1.1Series 1 (S1) samples

MNPs: Zn-doped magnetite e, 0O, (X = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) were obtained
following a similar procedure employed in (Verggsal 2008). The FeSOprecipitation and the
subsequent ageing were carried out in a close@émysbnsisting of a three-necked round bottom
flasks placed in a water bath with mechanicalistitrThe iron (ll) solution was introduced at a
constant rate under nitrogdlowing. To prepare the undoped magnetite sampleogen was
bubbled through two solutions independently: (ip 18 of distilled water containing NaOH with a
final constant concentration of 7.0 10 and 0.022 M KNG and (ii) 20 ml of 7.4 16 M
FeSQ.7H,0 dissolved in 1T M H,SO,, heated to 70°C. After 30 minutes, the basic saluii@s
added at a constant rate and under mechanicahgtiar the iron (Il) sulphate solution. The solatio
temperature and the nitrogen bubbling rate were kepstant during the synthesis. When the
precipitation was completed, nitrogen was allonegdss for another 5 min. The system was kept
at rest inside a water bath at the same temperfdu2 h. At this point, the solution was cooled



down to RT, and the solid was separated by magmtt@ntation, washed several times with
distilled water and centrifuged. Then, it was dnedler vacuum at 40 °C for 24 h. For Zn-doped
samples FeS(LrH,O was partially replaced by Zng®@H,0, in a fraction corresponding to the
desired composition.

FFs: Washed S1 particles (10 mg) were dispersesiSmml of a solution containing 2%
chitosan and 1% acetic acid, by sonication for 30. mMhis FF was purified by centrifugation at
2500 rpm for 10 min and subsequently at 3500 rpmi%onin, at RT.

2.1.2Series 2 (S2) samples.

MNPs: Were prepared with a procedure similar to fiblowed for S1 samples. The
difference lies in step (i) where 180 ml of distdl water were replaced by 100 ml of absolute
ethanol and 80 ml of distilled water.

FFs: Washed S2 particles (50mg) were disperse@r 6f distilled water by sonication
for 12 hs.

2.2 Sample Characterization

XRD were performed with a X'Pert diffractometer (Qu radiation withA=1.5406 A).
Data were collected in the 15°26 < 60° range, swept at a rate of 5s per step in &@pPscans.
Diffractograms were analyzed using MAUD program,ickhis based on the Rietveld analysis
method (Lutterotti 2010).

TEM experiments were carried out using an EM-3ilis) microscope, at 100 kV, after
a drop of FF was spilled and dried on a carboretbeopper grid.

Room temperature XANES and EXAFS spectra of th&feelge (7112 eV) and Zn K-edge
(9659 eV) were recorded in transmission mode usingi (111) monochromator at the XAS
beamlines of the LNLS (Laboratorio Nacional de ISimcrotron) in Campinas, Brazil. The spectra
analysis was performed by pre-edge backgroundauthiin followed by a normalization procedure
considering the EXAFS region. The fine structureiltagions (k) of each spectrum in the extended
region were isolated using the ATHENA program (Rasad Newville 2005) androurier
transformed over a specificrange.

*"Fe Mossbauer spectra at 300 K were taken in trassoni geometry with a nominal 20
mCi >'Co source in Rh matrix driven by a triangular vélowave. Isomer shiftsd) are referred to

metallica-Fe at RT.



DC Magnetization was recorded vs magnetic field ®mdperature using vibrating sample
magnetometers (maximum applied fieldg,= 1190 and 1430 kA/m) and a SQUIB{x = 5570
kA/m) magnetometer.

SAR experiments were conducted in a clear glassdd containing 1 ml of FF located at
the center of a 5 turns duty coil (25 mm inner diten). The coil was fed with a 260 kHz ac
current. The magnetic field amplitudiels were calculated from the currdnthrough the duty coil.
To this end théd — | correlation was determined using a 4 mm diaméiiertest coil wound with
20 turns. Field amplitudes of up to 5kKA/m were used in order to study SAR dependencE®n
Temperature was determined with fiber optic sengorsontact with the FF and connected to a
calibrated signal conditioner (Neoptix) with an ae@xry of +0.1K. FF temperature was kept
below 45 °C in order to minimize FF evaporation gmdvent its destabilization. To study SAR
dependence on FF concentration, several dilutignsoul:100 were obtained from samples with
typical initial concentrations of the order of 12 kg (MNP)/M(FF). S1 samples, due to their
relatively large MNP mean size, had to be suspeimdadChitosan aqueous solution with viscosity
n 06 10° Pas and specific heat 04.210° J/kgK at RT (7 andC measured in the present work),
in order to ensure FF stability. Instead, S2 samphaving smaller size, could be suspended in

water (7 01 10° Pas,C = 4.1810° J/kgK at RT).

3. Resultsand Discussion
3.1 XRD and TEM characterization

X-ray diffractograms for S1 and S2 samples are shiovfigure 1. They present only Bragg
peaks belonging to the cubic spinel structure,catiiig that the samples are single phase (JCPDS

19-629).

Zn Fe., O
X 3-x
S1
=2 3 P
%) b1
7]
S e
1= 9
—_— 35.0 355 36.0 E
- x=0.0
oy 8y v x=0.1
A v - x;(())% ) -
oA A x=05 AN
20 30 40 50 60

Figure 1. X-ray patterns of Zn-doped magnetite dasm1l and S2. Insets stand for a closer vielweof t

(3 1 1) reflection line.



For each composition the whole spinel pattern @maoupFd3m) was refined including
peak broadening due to crystallite size and micagstFor S1 samples, as the zinc concentragion
increases, the mean crystallite diameter progrelysidecreases from 117 nm to 26 nm; for S2
samples tha& decreasing size tendency is not so well definetlrmean size ranges between 38 nm
for x = 0 to 15 nm forx = 0.5 (see figure 2). The spinel lattice cell paeger was observed to
increase fromx = 0.0 tox = 0.5, in about 0.2 % (0.5 %) for S1 (S2) samplé®e shift of (311)

reflection line to lower angles due to cell expanss shown in the inset of figure 1.
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Figure 2. Crystallite size D as a function of Zmcentration for the whole set of samples, obtaimfter

refinement of XRD diffractograms (figure 1) usaRietveld based code.

Figure 3. TEM micrographies of samples x = 0.0, RE nm (S1), and x = 0.1, D = 16 nm (S2).

Figure 3 display TEM images of samples 0.0,D =117 nm (S1) ang = 0.1,D = 16 nm
(S2). The images of all samples showed cubic l&eoparticles and the observed mean sizes were

in good agreement with the XRD determinations.



3.2 XAXharacterization

The ZnK-edge XANES spectrum reflects the electrorse>#p transitions of Zn. XANES
spectrum of normal ZnkE@,is characterized by peaks at energies (see figuaddut 9664 (peak
A), 9668 (peak B) and 9672 eV (peak C), a shouddletbout 9677 eV (peak D), and an additional
contribution at higher energies (peak E) (Nakashetral 2007, Stewargt al 2007).

Normalized absorption
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Figure 4. XANES spectra at the Zn K edge of S1Sihderies, and bulk Znfa,.
As depicted in figure 4, all these features aresgme in the spectra of both seriesa®d $. In
particular, we do not detect any appreciable inemnof the intensity of peak B, which should be
noticeable when Zn substitutes Fe at octahedresd ¢ilakashimat al 2007, Stewaret al 2007).
We observe that peak B in spectra gfs@mplesx = 0.1 and 0.2 is slightly shifted to higher
energies. But as the Zn content increases the XANS8mbles that of normal Zrnfk. On the
contrary, $samples show the same features for all Zn condéentsainally, the prominence of
peak D in all sand Sspectra would indicate that the Zn electronic titeorss mainly involve Zn
sites withTy symmetry (Nakashimat al 2007).

The Fe K-edge XANES spectra are shown in figurse® (also the Supplementary Data,
SD). The pre-edge structure arises from electrdsie>3d quadrupole and st>3d/4p dipole
transitions. We observe that the pre-edge inteffisitgeries $and S is markedly larger than that
observed for normal Zng®, but lower than the intensity measured for bulk®zdfigure 5 (c) and
(d)). This indicates the presence of Fe atoms ogangpboth non-centrosymmetriéd and
centrosymmetri® sites in Zn-doped magnetite sample (Stewtaetl 2007). The un-doped samples
present the highest peak intensity compatible wittigherA-site occupancy of iron ions. For both
series, sampleg = 0.2, 0.3 and 0.4 show similar pre-edge intersitighile the lower pre-edge
contribution ofx = 0.5 would indicate that more Zn ions occupsites replacing Fe ions. On the
other hand, the shift of the edge position to higlreergies is more pronounced for 0.3, 0.4 and
0.5 (S1 series). This is compatible with a tendetmyards +3 iron oxidation state as Zn



progressively replaces Beat A sites. Features above the edge resemble thosa®f €ompound
(see SD). No other remarkable observations areeajgiile that can be correlated with the Zn
content, which is expected due to the low Zn:Ferat
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Figure 5. XANES spectra at the Fe K edge of Slaa, S2 (b) series. Pre-edge Fe K region after
discounting the edge jump contribution of S1 (aJ 82 (d). Spectra of @4, ZnFe0O, and y:Fe,0O3 bulk

compounds are also included for comparison.

The detailed analysis performed on the EXAFS regibire and Zn K-edges is included in SD.
From these studies we have observed the followihthe Fourier transforms (FT) gik) at Zn K-
edge show a reduction of the amplitude of the mm#aks when compared to bulk ZnGg
probably due to the surface disorder, (ii) fittingnsidering the first coordination shell gave a
coordination numbelN near four for Zn central atom (see SD), whiNeof Fe central atom
approximates to six when the doping increase$;tfie typical additional peak that appears in the

FT of the Zn K-edge spectrum when Zn occuesites is absent in all samples.



3.3 Mossbauer effect spectroscopy results
RT Mossbauer spectra are shown in figure 6. In batles@ gradual change from bulk-like
to magnetically relaxed and/or compositionally dikwed states is observed as a functiom. of

Absorption lines broaden while the spectral certtomtribution grows as Zn content increases. The
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Figure 6: RT Mdssbauer spectra and fitted curvessfband S2 Zn-doped magnetite MNP. Circles:

experimental data. Lines: thin black (fit), darkagr(site B), medium grey (site A), light grey (rétey),

thick black (fast relaxing). For each case Zn cahteand mean MNP size is indicated.

Relative Transmission

x=0.0 spectra display two well resolved magnetic pabsa, especially for th® = 117 nm
sample (S1), with magnetic hyperfine fieBlg of 49.0+ 0.1 and 46.@ 0.1 Tesla, isomer shifi§of
0.26+ 0.01 and 0.63 0.01 mm/s, and nearly null guadruple shjfin good agreement with bulk
magnetite parameters (Vandenberghel 2000). The narrower sextet with the lar@ar and the
smallerdis associated with high spin ¥éons occupying thé sites of the spinel structure, while
the other one is assigned to’E€* ions occupying th® sites. TheB site Fe ions signal broadens
as x increases, i.e. th®,; distribution atB sites broadens as a consequence of the gradual
incorporation of Zfi" atA sites and the development of different metal iomsfigurations arounB

sites.



For the theoretical Méssbauer spectra, Voigtiae Bhapes (Lorentizian lines of constant
width /~ = 0.21 mm/s and Gaussian distributions of variatipersiono) were assumed. A
consistent fit of the whole set of spectra was eadail using a model consisting of one magnetic
interaction associated té-site, two magnetic interactions associatedBtgite with different
distribution widths but restricted to have equalpérfine parameters correlations, a partially
resolved sextet associated to Fe probes expergenelaxation timesr 00 1/ (slow relaxing
component), and a doublet related to probes withl/f_ (fast relaxing component), whefes the
Larmor frequency.

The comparison of the two series spectra allowt® whkstinguish between the influences of
particle size and Zn concentration, bearing in mihd following arguments: (i) particle size
diminution leads to increasing relaxation effeaie do the reduction of anisotropy energy barriers
between MNPs magnetic moment opposite directiotestdii) Zn addition increases relaxation
effects viaA-B exchange coupling weakening but also inducesdioadening due to the increase
of chemical disorder, especially around Fe ion8B aites. It can be observed that S1 spectra are
better resolved than S2 ones for any composition, td the particle size effect. In S2 results, can
be observed that relaxation effects are largeixfoer0.2 than forx = 0.3, indicating that for this
particular case the particle size variation (fro8nnin to 32 nm) effect is more important than the
Zn concentration incremerdx = 0.1) effect in which concerns to MNP magnetic nmeat
relaxation. A common feature emerging from bothieseis that relaxation effects involve an
important fraction of probes for mean patrticle sizé the order of 32 nm or smaller, while for
larger mean sizes these effects are minor. Fromb#iaviour of the fast relaxing component
relative area (figure 6, doublet subspectrum) it ba estimated that the mean MNP blocking size
Dg should be of the order 13 - bftn at RT, i.e. the size at which the well resolesd the fast
relaxing components contribute with similar are@ee figure 7). For this estimation it has been
taken into account that the slow relaxing compomentesponds to particles whose sizes are of the
order of the blocking siz®g. The Mossbauer effect time window is given by iimeerse of the
Larmor frequency, 10.310°s™ of the®>’Fe nuclear spin in magnetite. Assuming a Néel egian
mechanism with a time of attempts]10° s (Fortinet al 2008, Herget al 2006) and an effective
anisotropy energy densit¢=1.8910" J/nT (Fioraniet al 2002), the magnetic core mean blocking

size of our magnetite MNP can be estimatedas:[(kT/K)In(l/ f 7)]"* = 95nm. By considering

the existence of a surface “dead layer" of thickne§l 2.0 — 2.5 nm (Kaiser and Miskolczy 1970,

Kim et al2001, Knobekt al2008), a MNP total siz@ = D +t = 135- 145nm is obtained, in good

agreement with our previous estimation.
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When x increases and/Drdecreases it is observed that: (i) The relatiea af the well
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Figure 7. Normalized Mdssbauer relative area frans of the contributions coming from fast relaxsitgs
as a function of crystallite size for S1 and S2asm Normalization is done with respect to the sfifiast
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Figure 8. Mean B values of the A and B sites contributions as &tfon of x for S1 and S2 samples.

resolved component originated Masite Fe probes decreases rapidly while its cormedipg By
reduces at a much slower rate (see figure 8)AiD decreases from 38 nm downward the fast
relaxing component spectral area increases ste@dity/figure 7). FoD > 38 nm the relative value
of the two relaxing components area amounts tota td only 10 % — 15 % and corresponds
almost exclusively to the slow relaxing contributidiii) Hyperfine parameters associatedtsites
are strongly affected by Zn addition and their apgon lines broaden considerably with(see
figure 6).

For samples witlx > 0.3 orD < 32 nm the relaxation effects become dominantatiea of
the slow relaxing component increases dramaticaliywell as that of the fast relaxing one (figure

7) which develops into a central doublet (figure B)is last interaction is characterized by mean

11



values of quadrupole splittind = 0.535 mm/sg = 0.35 mm/s, and&r = 0.24 mm/s. Though mean
By corresponding to botA andB sites decrease with zinc content, the reductiomush more
pronounced for sit8 (figure 8). The coexistence of the magneticallytsgntributions along with
the doublet indicates the simultaneous presenddogked and unblocked MNP moments. This
analysis in terms of blocked and unblocked MNP mutsids consistent with the theoretical
estimation of the maximum linear dimensions of Erdpmain magnetite particles, which is of the
order of 130 nm (Sorensen 2001), i.e., beyond tyetallite size range of our samples.

The iron ions distribution amongst interstitlahndB sites in the magnetite spinel structure

can be depicted &Ee%)A[Fe2+ Fe3+JBO;2. When doping with zinc at th& site the spinel structure

(an+FeffX)Al_FeffXFef:XJBOfis formed. The ZH coordination is characteristic of covalent
structures with sphybridized orbitals. As each ¥eor Fé" at B-sites has six nearest-neighbour
metal ions atA sites, theB-site Mdssbauer lineshape can be considered aperpamsition of

components arising from different nearest neight#esite configurations (Vandenberghe and de

Grave 1989). The addition of each®Zion at anA site breaks four FAJ-O-Fe[B] superexchange

paths. For each brokef+B path B,?f should decrease resulting in a broadening ofBhstes

spectral contribution. On the contrary, the effetbroken paths orBrﬁ is expected to be much
smaller due to the lower contribution from supersfarredBy; (Vandenberghe and de Grave 1989).
Therefore, the reduction cB,?f mean value, the broadening of its distributiord #re decrease of

the relative area of th&-site signal with doping, all features observeadim spectra, can be related
to the inclusion of Zfi atA sites replacing Béions. In order to maintain charge neutrality some
oxygen vacancies must be generated or a fractioRedf must be transformed into e as
proposed by Wen et al. (Wen al 2006) to occur in their 4fe;, O, samples prepared by chemical
coprecipitation. In figure 9 we observe that whileremains almost unaltered when doping with
zinc, the averagés decreases monotonically from 0.52 to 0.35 mmaicating that an increasing
fraction of iron ions aB-sites change its valence from 2+ to 3wvalues corresponding to the slow
relaxing contribution are similar to those of irahB sites for the whole concentration range,
whereas the fast relaxing component presentsmlues intermediate betweefi and & ones.
Assuming that the slow and fast relaxing componeoteespond to iron &, and at botlA andB —
sites, respectively, which is an assumption basethed behaviour displayed in figure 9 for S1
samples, we have estimated the relative fracticotaf Fe inB andA sites. The results are shown

in figure 10,
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Figure 9.Jdvalues of the contributions coming from differdtegsas a function of x for S1 samples.

where it can be noted that far= 0.0 the areas ratiB/A are the closest to the value of 2 ideally
expected for F®, structure. The relative fractions of Fe ionsAatand B sites calculated by
assuming that Zn enters exclusively thesite are represented by the dashed lines whidbwfol
closely the experimental data. The relaxing contiilms are originated in the superparamagnetic
behaviour of the smallest particles whose fractimsents an overall growing trend with decreasing
X. As stated before, it cannot be completely rulatitbat relaxation may also originate frawB
super exchange path interruptions due to the pcesehnon-magnetic Zfions atA sites, which
along with an statistical distribution of Znwould bring about magnetic clusters which undergo

also spin relaxation and superparamagnetism.
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Figure 10. Total Fe fractions in A and B spineksitas a function of x retrieved from spectra analfar
sets S1 and S2. The dashed lines are the fraatenalated assuming that Zn enters exclusivelhat t
spinel site A.
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3.4 DC magnetic studies
The field dependence of the magnetization recoate800 K is shown in figure 11. We

observe that adding Zhions modifies the MNP ferrimagnetic response peimy maximum
saturation values oMs® at x = 0.1 for S1 lIs(0.1)Ms(0.0) (1..11) and atx = 0.3 for S2

(Ms(0.3)Mg(0.0) [11..49).Saturation magnetization increase was interpretéerims of elimination
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Figure 11. M-H loops taken at 300 K for sets S1 é®1Only the first quadrant is shown for the sake
clarity.

of F€" moment cancellation at neighbouridgand B sites, since Zii incorporation atA sites
locally switches offA-B superexchange. Therefore a net moment of 10 Bamnetons |{g)
appears at the unit formula where?Zhas been incorporated, instead of the 4f pure magnetite.
Ms(x) drops fast for highex and has its minimum at = 0.5 for both series of samples
(Ms(0.5)Ms(0.1) 00.54 for S1 aMs(0.5)Ms(0.3) 00.63 for S2). A similar behaviour is found for

the dependence of the coercive figld on x (figure 12b).The reduction oMs(x) for x = 0.3 is

mostly
T T 10 T
o— (a) i ,,q\ b)
100- ] - :
. o/ = O \
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o e ¢
= o oo Na
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Figure 12.(a) Room temperature magnetizatioyahtl 200 kA/m for sets S1 and S2, as a functiom(lof

Coercive field Hfor sets S1 and S2, as a function of x.

* For simplicity we refer adls to the value oM obtained for the maximum applied fields during MhesH
experiments, although saturation has not been &dahyeved at those fields.
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a compositional effect, related to change®\iandB sites Fe population which may modify the
resulting average moment. It follows from furtheeakening of theA — B superexchange
interaction and the consequent takeover oBtheB one when Zff A site occupation is sufficiently
high, thus leading to null atomic moment at thet tmimula where Zfi is located. Size variations
have a secondary effect on the obseVedathange, particularly olls drop occurring foix = 0.3,
since, as shown in figure 2, crystallite size clesngf are less pronounced within this composition

range.

3.5 SAR and related studies

Magnetic hyperthermia relies on the ability of MNBsabsorb power from a RF field. This
property is expressed by the magnitude definedAd® \Bhich is the power absorbed per unit mass
of MNPS. SAR depends on RF field quantities, namely amgétand frequency. It is also a
function of MNP variables whose characterizatios haen addressed in the previous sections, and
of a strongly temperature and size dependent MNPBarty, the magnetic moment relaxation time
7, which also depends on MNP anisotropy, internalcstire and hydrodynamic behavior. In this
subsection SAR and related studies are reporte@gsitements of the inversion fiell versus
maximum applied fieldHya (0 — 1.43 10 A/m) were performed at RT on selected samples,
estimations of SAR were carried out using a twelewynodel for the MNP spin orientation state,
and a comprehensive analysis of SAR experimergaltseis addressed.

Temperaturel vs. timet curves were recorded for all samples lfyr< 57.7 kA/m (see
insets of figure 13a,b). Figure 13a shows fNE/ At slope values of the linear initial region of the

T(t) curves recorded for tHe = 18 nmx = 0.2 (S2) sample while being irradiated with & 261z
RF field as a function ng. This initial linear response was observed forsalinples indicating

that during short periods of time<g 20 s) our experimental device behaves almost aticatly for
AT of up to at least 20 K. The experimental SAR valuere retrieved from the measured slopes
using expression (Vergés al 2008)

C

SAR=ZAT/At, g="Twe )
@ M

where C is the FF specific heat ant-r, mynp, are the masses of FF and MNP in the Dewar,
respectively. A linear dependence on ferrofluid aantration C=¢p.. (0 is the FF mass

density) was observed for the range of studied dffeentrations < 12 kg/nt, as in the example

® For consistency with most reported d&#Rvalues are given in W/g.
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shown in figure 13b fob = 16 nmx = 0.1 (S2). This result rules out effects of MMiReractions or
aggregation on the measured SAR during RF irragiaAR vsH, behaviour was investigated in
the range 18 kA/nx Hy < 57.7 kA/m and the quadratld, dependence expected from the linear
response theory (Rosensweig 2002)
SARe HoPMVHG T wr (2)

KT 1+ (wr)
was found to hold up tbly ~ 41 kA/m for all samples, as shown in figure I@&aD = 18 nmx =

0.2 (S2). In eq. (2pis the MNP densityy its volume, 7 its magnetic moment relaxation time, and
w = 21t is the field angular frequency. A tendency to sattan is observed for highet, values.

This effect originates from the saturation of Me/sH cycle area,

cycle —

SAR= g, =~ fu, § MdH, (3)
f

whereé&,is the energy per mass unit dissipated in on&ac;m% indicates that the cycle is
f

1.6 T T T T T T T T T T T T T

(@) ] 1.04 ()
i

Wo

T T T T T T T ts

0 500 1000 1500 2000 2500 3000 3500 ) é AI, é I8 1'0 1'2
2 2, 2

H, (kATm) c(kg/m’)

0

Figure 13.(a) Initial slopegIT/At for sample D = 18 nm, x = 0.2 (S2) as a functdr4? showing a

saturation effect for k41 kA/m.(b) Dependence of the initial slogd/4t with FF concentration c for
sample D = 16 nm, x = 0.1 (S2). Insets: initialdar region of T(t) curves for field amplitudes A&/ <H,
<57.7 kA/m (a) and for concentrations 1 kij/mc <12 kg/m.

performed at the RF frequenty

Due to the lack of appropriate analytical exprassifor evaluation of eq. (3) we have
estimated SAR dependence ldpusing a two energy levels model for the MNP magnetboment
orientation state (Carrest al 2011). This estimation was performed for the 18nm, x = 0.2
sample (S2). This model assumes uniaxial anisotamplyconsiders thermal activation transitions of
the magnetic moment over the anisotropy energyidsawhich separates opposite moment
orientation states 1 and 2 (along the easy axisgghrding moment oscillations around each of the
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two energy minima. The assumption for Néel relaxatwill be justified below, when we will
conclude that this relaxation mechanism dominatesizesD < 18 nm.When a field is applied
parallel to the anisotropy axis the Zeeman andotnoigy interactions can be described as a function

of the anglef between the magnetic moment and the field as
E = KV sin® 8- 1 VMgH cosé. (4)
For field vaIues|H| <H, =2K/ M the energy barriers seen by moments oriented d¢s8g

= 0 and@=1thave heightsE, = KV(li h)z; whereh=H/H, . The frequency for the transition

from level at 6= T to level atd = 0 is given byv, =v,e ~'*"and byv, =v,e =" for the
opposite one. Calling; to state 1 occupation probability, it follows ttiéferential equation

dR Vv, +v
oyl

Taking into account thad / dt = (d /dH)(dH / dt) and thatM =M ¢(2P, -1), eq. (5) becomes

oM, vl—("lJ"’Zj(MﬂJ
dMm _ 2 Mg
= : ()
dH dH / dt

Assuming for simplicity that the field is a triarlgu periodic function of time,dH /dt takes

alternating constant values4fH,, and eq. (6) can be easily solved by numericahots. From
here, SAR can be evaluated using (3) for any frequé and any field amplitudéd,. The
assumption that the anisotropy axis be paralletht applied field is a reasonable one if the
relaxation mechanism is the Néel one and the fregyués not too high. Under these conditions
energy minima are deeper for parallel orientatlamtfor any other one and instantaneous energies

are smaller, therefore leading to an effectiverdgeon of the MNPs easy axes along the fidid.
vs H cycles, simulated fof = 260 kHz,V, =10s™, K = 1.8910" J/nt, V = 5.83210% m® (cubic
MNP), T=310 K and for increasing values o¢f, are shown in figure 14a, where a maximum
inversion field HiRF = 207kA/mis observed. The dependence of SAR on field anggitu

calculated for the stated valuelofas well as foK = 2.47 18J/nt, is presented in figures 14b and
14c, respectively. The fact that the experimenfeR $alues obtained fdid, = 41 kA/m (see figure
17b) are at least six times smaller than those shiowfigure 14 could be attributed, at least in
principle, to the broad nanopatrticle size distiitmut(cp, 010 nm, see below). On the other hand, a

quasi linear dependence aw’is found forH, < 25.1 kA/m (figure 14b) anéi, < 39.8 kA/m
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(figure 14c), in agreement with the experimentautes previously shown in figure 13a. The
dependence oK of the field value at which the curve slope sudgetiminishes, reveals the

influence of anisotropy on retarding SAR saturatiffiects.

1400 ® . 2400{" &)
12004 Le st . 20004
:'\’1000- ) o

S

.o
.
2 .
{ .
% . \ EE 1200
9 6004, 23.9 kKA/m 1%

39.8 KA/m

£=110"s

—110°
,=110"s 4004 ° o s
K=2.47 10" Jim

K=1.89 10" J/m®

o

0 : - - - - - 0 T T T T T :

0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
2 (KAZ/m? H 2 (kAYm?)

H," (kA"/m®) 0

Figure 14. (a) M vs H loops calculated for thes8 nm, x = 0.2 sample (S2) as a function of field atugé H,
using the two levels approach for MNP moment Nélebation. (b),(c) SAR vs.Hfor two different values of
anisotropy K.

The HiRFvalues obtained from the two levels model were doeptable agreement with

those estimated by frequency scalidg®>" values measured with a VSM from mindrvs H cycles
performed on th® = 18nm, x = 0.2 sample (see figure 15). The scaling wasopeidd assuming

that the conditions under whicH . (T) = HC(O){l—wla’InirobS/TO )} is valid (Cullity and Graham

2009) also apply foH;,

1-.-aln(fr
HRF(H, )= oL _HVSM(H ), 7
)= ey ()

where 7, =|/o_1:10_9s, a =KT/KV and the “frequency”fysy was estimated from the VSM
recording timersy as ¢, = Tuey (fvsw 130s). The conversion factor from VSM to RF was
13.4. We have found thatlX" values obtained with the two levels model are 6loRshose

retrieved fromH"*" and eq. (7) as indicated in figure15.
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Figure 15. Inversion field$1"*" retrieved from RT VSM minor loops recorded atgtE H < Hpay for the
D = 18nm, x = 0.2 sample (S2), and" values calculated with eq. (7).The dashed linegside to the

eye. The dotted line indicates the maximif value obtained with the two levels model.

SAR values obtained from FF of S1 MNPs in Chitosaspension (viscosity(6 10° Pas
and specific hea€ 04.210° J/kgK at RT), for differentH, values between 18 kA/m and 57.7
kA/m, are shown in figure 16a as a functiorxofn all cases the highest SAR occursXer 0.0,D
= 117 nm, being 323 WI/g the highest value lfagr= 41 kA/m. The intrinsic loss power values
ILP = SAR/(Hgf) are close to 0.5 nHitkg, four to five times lower than recently repaorte
results (Behdadfar et al 2012), probably due toghie large size dispersion observed in our
samples. Based on eq. (2), the behaviour is sysiteared dominated by size through= D*(see
first factor of the expression) while the influermfer cannot be appreciated. SAR values obtained
from aqueous S2 FF, fat, = 41 kA/m, seem to present a more erratic behavioth x (figure
16b), having a pronounced maximum value of 367 W/g = 0.1, D = 16 nm. In order to
understand these results we come again to eqwl@h shows that SAR is a function of several
physical quantities from which the most inaccessitite is7. This characteristics af arises from

its dependence om andK for Néel relaxation, or on the hydrodynamic voluimefor Brown
fluctuations (Z’B =V, / kT), since these magnitudes are difficult to deternpirexisely ¢, Vi),

or have a strong dependency on the size of thepaatides K). In order to gain more insight on
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this we have normalized the whole set of SAR res(@tl and S2) by the factd VHZ with the
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Figure 16. (a) SAR values as a function of x forSske for different field amplitudeslihdicated on the
upper right. (b) Idem for set S2 obtained from SARF composition c (circles) and from SAR ys H

measurements (squares) and normalized fpr A1 KA/m.

susceptibility dissipative componexit To this end the normalized data were forceddoespond

to a function with a maximum value of 0.5 in agreatnwith the frequency factor expression. The

result is presented in figure 17 as a function dfMsize and shows a consistent behaviour for the

whole set samples, S1 and S2. These data werezadagsuming the possibility of both Néel and

Brown relaxation processes. For the first one \@ahf& = 1.89 10 Jim? and 1, = 10° s were used,

and the existence of a dead magnetic layer of tieisst was considered, i.e., MNP size was set as

D =Dc + 2, with t = 2nm. For the second relaxation mechanism, differehtesof; were

0.54
0.4+
:N 0.34
N ‘
| .
. 0.2 ‘ ° Experlmint
S \ n=110"Pas
S] —— 7=210"Pas
0.1 N ——7=610"Pas
| ol Néel (7 = infinite)
0.04 @ ®
T T T T T T

D (nm)

Figure 17. Dependence of the frequency factor efdiksipative susceptibility frequency factar/1+ (a)r)2

with MNP mean size for the whole set of samplga&lS2.
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considered between 1 i®a s and 6 TOPa s. The effective relaxation time was calculatét

-1

1 1 : . -

T:(—+—J were indexesN and B stand for Néel and Brown processes, respectivily.
z-N Z-B

reasonable agreement was found between the expeaintkata and the simulations represented in
figure 17 by full lines. The best description wahiaved for an intermediate value pf~ 2 10°Pa
s. This is an acceptable value bearing in mind thast of the results come from Chitosan
suspended FF (S1). Chitosan solution has a vigcobis 10° Pa s at 293 K, but it is well known
that liquids viscosity drops rapidly with temperm&uthus making this result plausible. Most S2
samples, suspended in water, have sizes below nikeefrom where the Brown mechanism
dominates (~ 18 nm, figure 18) and therefore dadnftuence so much the overall behaviour of the
normalized SAR values in the Brown relaxation ragio

The RT relaxation timer dependence on particle siBewas calculated with the stated
values ofr, K andt, for the two extreme values: 1 18Pa s and 6 TDPa s (see figure 18). It can
be seen that 13 nm — 14 nm MNP have relaxationstifiigeel process) of the order of the
Mdssbauer observation time window, in agreemert wihat was inferred on the basis of the fast
relaxing contribution spectral areas.

10° n==6 10° Pas
107 eel
10¢] 7=110" Pas
210%] ©, 3
S— o= ]
& 10°] ¢
; Brown 3
10 4 +
107 i .. :@0551‘)31161‘ time window 1
-
25 50 75 100
D(nm)

Figure 18. Open large dots: experimental relaxatimes obtained fronr /1+(wr )’ (figar®. Filled
small dots: values calculated by considering thesgdility of both Néel and Brown relaxation mectsams,

for two different viscosity values.

-1
Experimental relaxation times retrieved by soIviag(1+ (a)r)z) (figure 17) forr, are in good

agreement with the assumed model and are showpeasaircles in figure 18. Figure 19 shows the
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subset of experimental values retrieved usiigg 41 kA/m plotted in a log-log scale. The straight

line fitted to this data subset has a slope of #3®3, which reflects the dominance of the Brown

relaxation process fd >18 nm (IogrB O 3D).

20 40 60 80 100120

D (nm)
Figure 19. Log-log view of the subset of experiralerglaxation times obtained using,H 41 kA/m. The
full line is the result of a linear fit of the datend has a slope of 320.3 revealing that NP moment relax by

the Brown mechanism for 18 nm.

4. Summary and conclusions

A detailed study of Zgre;,O4 (0.0 < x < 0.5) cubic like MNPs obtained by chemical
coprecipitation, as well as on their water and &@@h based ferrofluids, was conducted. By
modifying synthesis conditions and Zn concentratioe mean siz® of MNPs could be varied
between 15 nm and 117 nm.

Méssbauer effect spectroscopy, XAS and dc magriigtizaesults indicate that Zhions
enter selectively at the spin&lsites.

ForD < 32 nm important magnetic relaxation effects wdrsesved by Mdssbauer effect at
room temperature. Two relaxing contributions weseded for spectral analysis. One of them (fast
relaxing component) corresponded to probes expanigrrelaxation times < 7, i.e. located in
MNPs with individual sizes smaller than the RT Mimser blocking siz®g [0 13-15 nm, which
experience a null effectivB,. The other one (slow relaxing component) corredpdnto probes
experiencing relaxation times of the orderrgflocated in MNPs of the order of 15 nm. The patter

associated to this component reveals that thevedoFe probes experience a non Z&gpand that
they are located exclusively & sites. The Brﬁ at non relaxing’’Fe probes located aB sites

experiences a strong diminution and becomes inoggsdistributed as Z#i is gradually
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incorporated, selectively and randomly Atsites, due to the multiplicity of different metal
neighbour configurations created around @ probes. On the other halB;f} experiences only

minor changes while its associated spectral aregedses steadily as Fe is replaced by Zn afthe
sites.

Magnetization was observed to increase with Zn eptmation forx < 0.1 - 0.3
independently of the size range, however the seathhancement was significantly larger in the
case of the MNP S2 batch where average sizes wakes O < 38 nm). Saturation magnetization
increase was interpreted in terms of deactivatidPed moment cancellation at neighbouriagnd
B sites, due to Z7 incorporation atA sites and local switching off o-B superexchange. This
mechanism produces a net moment ofid @t the unit formula where Zhhas been incorporated,
instead of the 41z observed in pure magnetite. On the other handnatamtion deterioration fot
> 0.3 also obeys to the weakening of the- B superexchange interaction and the consequent
takeover of thd — B one when Zfi A site occupation is highthus leading to null atomic moment
at the unit formula where Zhis located.

SAR was measured in water and Chitosan based lfed®fusing a 260 kHz RF field.
Experimental results could be interpreted withia frame of the linear response theory for field
amplitudesHy < 41 kA/m. Results obtained at a constdpt= 41 kA/m depended both arandD,
displaying a maximum value of 367 Watts per gramMMNPs forD = 16 nm andx = 0.1. A
departure towards a saturation regime was obsedoreligher fields. This saturation effect was
understood using a two levels approximation for Niéel magnetic moment relaxation which was
solved numerically. In addition, this model revehléhat increasing MNP effective anisotropy

would improve magnetic hyperthermia performancdiigher fields by shifting upwards thd,
limit up to which the quasilinear SAR vlslg dependence holds. The frequency factor of the
susceptibility dissipative component was retriesydnormalizing SAR by its expected volume,
field amplitude and saturation magnetization depends. This quantity, SAR'M3VH?,
presented a sharp maximumDat- 16 nm, which corresponds to the resonant Zn-dlopagnetite
MNP size for the working frequency of 2.6°H2. Normalized SAR was converted into the
frequency factora)r(1+ (a)r)z)_l by further normalization, from where experimentalues of the

relaxation time were obtained. These experimemtaklues compare satisfactorily with those
calculated for Néel and Brown moment reorientatilechanisms. The analysis is consistent with

the existence of a crossover from Néel to Brownhraasms ab ~ 18 nm.
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The present study indicates that in cubic-like Dpetd magnetite MNPs at RT andfat

2.6 10Hz, the MNP size for maximum’r(1+ (wr)z)_l is D 016 nm. However, the best SAR
values of the whole set of samples correspondeatdier of performance, to mean sizes of 18 xm (
=0.1, S2), 117 nmx(= 0.0, S1) and 32 nmx € 0.3 S2). This departure from the size correspand

-1
to maximum a)r(1+(a)r)2) is due to the influence of saturation magnetizatiod MNP volume

on SAR, through théV §V factor in eq. (2). In the case of the present wedkume through it®?
dependence becomes an important factor due toitteenange of NP mean size values. However,
the increase inD° for instance of almost 400 times from 16 nm to7 Idm samples, is
approximately compensated by the dramatic decreftiee frequency factowr(1+(a)r)2)_1. To

get advantage of thi®® factor, frequency should be shifted to a lower galue. the one which
makes 117 nm the resonant size. But this wouldgbaimout a drawback, since the first factor of
SAR in eq. (2) depends linearly on frequency. Ttweechigh enough frequencies in the range of
10° to 10 Hzhave to be used in order to attain efficient SARqeenance. This scenario leads us to
the conclusion that in order to improve the SARfgrenance of magnetite based materials, and
approach or surpass the 1 kW/g goal, it is necgssanhancés while makingD of the order of

the resonant size corresponding to the workinguieeqy.
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Supplementary Data

EXAFSresults

Room temperature near-edge x-ray absorption fimactstre (XANES) and extended x-ray
absorption fine structure (EXAFS) spectra of thekFedge (7112 eV) and Zn K-edge (9659 eV)
were recorded in transmission mode using a Si (frdd)ochromator at the XAS beamlines of the
LNLS (Laboratorio Nacional de Luz Sincrotron) infainas, Brazil. The spectra analysis was
performed by pre-edge background subtraction falbly a normalization procedure considering
the EXAFS region. The fine structure oscillatiog®) of each spectrum in the extended region
were isolated using the ATHENA program (Ravel arglmlle 2005) and~ourier transformed
over a specifik range (2 to 10 A).

The following figures shows the Fourier transforTY of kx(k) EXAFS at Zn and Fe K-edges

without phase correction. The fit results are suniwed in Table 1.
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Figure 1. Fourier transforms of EXAFS data at Fe#{ge for S1 and S2 series.
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Figure 2. Fourier transforms of EXAFS data at Zre#ge for S1 and S2 series.
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Table 1. EXAFS Fe and Zn K-edges fitted parametesaming a first coordination shell of oxigenssithie

coordination number, R the distance from centrahatandc? the Debye-Waller factor.

Seric Edge  Sample N R (A) o’ (A% x 10°
Fe0. 542  1.985(7 12

ZnFe;O4 6.C 2.004(2 4

x=0.C 552 1.987(8 12

cpo 01 552 1.996(7 12
x=0.2 552  1.996(5 11

x=0.Z 551 1.980(3 10

s1 x=04  56(1 1.984(3 9
x=0.E  57(1 1.985@3 9

ZnFe0,  3.8(1  1.96(1 2

x=0.1  3.4(5  1.94(2 5

Kzn  x=02 403  1.96(1 6
x=0.Z  3.9(2 1.966(7 6

x=04 382  1.971(7 5

x=0.E 392 1.971(7 6

x=0C __ 56(2 1.969(8 12

x=02 581 1.973(4 1

KFe  x=0.2 57(1 1.986(2 10
x=04 582 1.979(6 10

S2 x=0.E  5.4(1 1.981(2 8
x=0C _ 38(2 1.969(7 4
02 412 19700 5
x=0.Z 382  1.966(7 4

x=04 392  1.971(7 5

x=0E 382  1.975(7 5
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