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Abstract. Clustering of magneticiynanoparticles can drastically change their

31 collective magnetic properties, which in, turn may influence their performance

32 in technological or biomedical application.» Here, we investigate a commercial

33 colloidal dispersion (FeraSpinTM-R), which contains dense clusters of iron oxide

34 cores (mean size around 9nmiaccording to neutron diffraction) with varying
cluster size (about 18 to 56 nm according to small angle X-ray diffraction), and

35 its individual size fractions (FeraSpinT™-XS, S, M, L, XL, XXL). The magnetic

36 properties of the colloids were characterized by isothermal magnetization, as well

37 as frequency-dependent opMagnetic and AC susceptibility measurements. From

38 these measurements we derive the underlying moment and relaxation frequency
distributions, respectively. Analysis of the distributions shows that the clustering

39 of the initiallyssuperparamagnetic cores leads to remanent magnetic moments

40 within the large clusters. /At frequencies below 10° rad/s, the relaxation of the

41 clusters is dominated by Brownian (rotation) relaxation. At higher frequencies,

42 where Brownian relaxation is inhibited due to viscous friction, the clusters still
show an/appreciable magnetic relaxation due to internal moment relaxation within

43 the clusters. As a result of the internal moment relaxation, the colloids with the

44 large clusters (FS-L, XL, XXL) excel in magnetic hyperthermia experiments.

45
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1. Introduction

The collective magnetic properties of magnetic
nanoparticle ensembles critically depend on interpar-
ticle interactions, which may also significantly influ-
ence the performance of the particles in technologi-
cal or biomedical applications [1,[2]. When particles
are introduced in physiological environments, such as
cells for example, they often aggregate and form clus-
ters [3,4]. This induces significant dipolar interactions
and is thus a decisive factor for a variety of biomedical
applications, in particular magnetic hyperthermia [5].

Magnetic hyperthermia utilizes magnetization
reversal losses of nanoparticles in alternating fields to
achieve local heating of the surrounding tissue to treat
tumors [6,/7]. For small field amplitudes the heating is
theoretically either achieved by (i) physical rotation
of the whole particle, in case of thermally blocked
particles (Brownian relaxation), or by (ii) intrinsic
moment fluctuations, in case of superparamagnetic
particles (usually described by the Néel-Brown model)
[8]. Aggregation of magnetic nanoparticles can thus
modify the heating behavior in two ways. First,
for thermally blocked particles the physical rotation
can be inhibited, which may drastically decrease
the dissipated heat by Brownian relaxation [5/9]
Second, for intrinsically superparamagnetic particles,
interparticle interactions (dipolar and/or exchange)
may shift the characteristic Néel relaxation‘times and;
as a result, either decrease or increase the performance
|L0H16].

The observation of an increased heating for some
nanoclusters motivated the synthesis of*mechanically
stable core-clusters, commonly referred to as multi-
core particles [17]. A special classhof multi-core
particles is so-called nanoflowerss in whichy thie cores
are so densely packed that they are essentially in direct
contact (i.e. nanocrystalline nanoparticles) [14L18}[19].
The resulting strong interactions between the cores
can lead to collective magnetization states within the
clusters. The results of several experimental studies
indicate that particularly these particle systems excel
in magnetic hyperthermia, [14-16].

In the current work we have characterized a com-
mercial colloidal dispersiofi (FexaSpinT™-R), which
contains clusters ofiiron oxide cores with varying clus-
ter size, and(its six size'fractions (FeraSpinT™-XS, S,
M, L, XL, XXL). Their quasi-static and dynamic mag-
netic properties were determined by isothermal mag-
netizagion, optomagnetic and AC susceptibility mea-
surements. From these measurements we extract the
underlying moment and relaxation frequency distribu-
tions, respeetively. Analysis of the distributions, in
combination with magnetic hyperthermia experiments,
enables usto relate the magnetic structure of the core-
clusters with their heat dissipation in alternating fields.

2. Experimental details

2.1. Samples

The seven water-based colloidal dispersions FeraSpin™-
(FS)-R, XS, S, M, L, XL and XXL were supplied by
nanoPET Pharma GmbH. FS-Reexhibits a'broad size
distribution and is the mother batch, from which the
other samples FS-XS—XXL, were derived, by fraction-
ation [20]. The particles consist,of primary core par-
ticles with similar size, dut whichrare aggregated to
core-clusters with increasing size((XS—XXL) [20H22].
For the AC susceptibility measurements all seven col-
loids had an iron cencentrationof 3.7 mgg, /ml and for
the hyperthermia experiments 5 mgp./ml. For freeze-
drying d-mannitol was added to act as scaffold and
thus preventing the particles from agglomeration.

2.2. Metheds

From the sample, F'S-R we took transmission electron
microscopy (TEM) images with a FEI Tecnai T20
TEM, wusing,a carbon coated copper grid as sample
support. - 4

To determine the size of the iron oxide cores, we
analyzed X-ray diffraction (XRD) patterns, which were
detected with a Bruker D8 Advance diffractometer,
using Cu-Ka radiation (A = 1.5418 A) with a Bragg-
Brentano configuration. The freeze-dried samples were
placed on a Si single-crystal low background sample
holder and the measurements were performed at room-
temperature (RT).

Additionally, we conducted a neutron powder-
diffraction (ND) experiment on the FS-L freeze-dried
sample [23]. The sample was loaded into a vanadium
can and data were collected at RT with the high-
resolution neutron powder diffractometer D2B at the
Institute Laue Langevin with a wavelength of 1.594 A.
Rietveld refinement analyses were performed on both
the XRD and the ND data with the FULLPROF
Suite [24], using a Thompson-Cox-Hastings pseudo-
Voigt profile function to describe the shape of the
diffraction peaks.

The total particle (i.e. core-cluster plus surround-
ing coating) size was deduced from small-angle X-ray
scattering (SAXS) measurements of the colloidal dis-
persions, which were performed with a Kratky system
with slit focus, SAXSess by Anton Paar, Graz, Austria.
The measurements at RT were obtained in absolute
units by subtracting the water and sample holder con-
tributions, and the curves were deconvoluted with the
beam profile curve to correct for the slit focus smear-
ing. By performing indirect Fourier transforms (IFTs)
of the radially averaged reciprocal scattering intensi-
ties I(q), we extracted the underlying real-space pair
distance distribution functions P(r) [25H28]. These
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distribution functions provide information about the
average shape and maximum size of the scatterers in
dispersion .

The quasi-static magnetic properties of the
colloids were investigated by analyzing isothermal
DC magnetization (DCM) measurements, which were
detected at RT in a Magnetic Property Measurement
System (MPMS)-XL (Quantum Design, USA) with
applied magnetic fields up to 5T in logarithmically
spaced steps. A volume of 30 ul of the colloids was
measured five times and the data points were averaged
to determine the measurement uncertainty. The
diamagnetic contributions of the empty sample holder
and the water were subtracted from the data. The
corrected magnetic moment in Am? was normalized to
the iron mass, which was determined by inductively
coupled plasma optical emission spectrometry (ICP-
OES), to obtain the magnetization M in units of
Am?/kgr.. From the resulting M(H) curves we
derived the underlying apparent moment distributions
P() by numerical inversion [28,/31].

The apparent moment distributions P(u) were
also extracted from field-dependent optomagnetic
(OM(H)) measurements, which were performed at RT
in a custom-built cuvette setup described in
low excitation frequencies (in quasiequilibrium).
this setup, the complex even harmonic signal V;, (w)
Vi(w) + V) (w) (for n = 0,2,4,6,8,12) i
to a sinusoidal applied magnetic field was
measured time-traces using FFT. All measur
were normalized by the sum of even ha
Z?:o Va4, to correct for any possible
intensity of incoming light.

Moreover, analysis of OM measureme

M image of the sample FS-R (mother batch) from
ze fractions FS-XS, S, M, L, XL and XXL were
pical cluster found in FS-L.

ysis method [36]. The applied alternating uni-

ial field had an amplitude of poH = 8.8 mT and an
r frequency of w = 5.9 - 10 rad/s.

. Results

3.1. TEM

Figure [1| shows a representative TEM image of FS-R.
As can be seen, the cores are quite irregular in shape
and partially aggregated to clusters with varying size,
) X although quite many of the cores seem to be dispersed
mal dlSt?lbu.tlon O.f magn.etlc g : individually. The inset of figure [1| displays a typical
frequencies including ‘the.l C pue particle  c1uster of the sample FS-L. A more detailed TEM
e'nsemble [33]. The distrib axation frequen- analysis of the individual cores (sample FS-XS) and
cies P(we) could be extra of the sample FS-L can be found in [21], where the
authors found the mean core size to be around 6 nm
and a quite broad distribution of the core-cluster size.
In this work we use XRD and ND to estimate the mean
core size, and SAXS to determine the average core-
cluster size of the individual size fractions.

The relaxation dyn the colloids at RT
was also determined ency-dependent AC
susceptibility (A€ S The complex
volume suscepti "(w) + ix"(w) was
measured with a
which uses . amp ude of 95 uT, .follo'wmg ‘Fhe 99 XRD and ND results
protocol de 20]. By a numerical inversion
of the a/we derived P(w.) [31,[35]. The Figure 2] contains the XRD and the ND pattern of the
known and we assumed for each ~ FS-L sample. The XRD patterns of the FS-XS and
asonable value of o = 0.05 - x| .- R sample are shown in figure and the results of
yperthermia measurements were per-  the Rietveld refinements are given in table [AT] in the
g'a magnetic alternating current hyperther-  appendix.

» system (Resonant Circuits Ltd, UK) fol- In the XRD patterns, two groups of peaks hav-
g a previously described sample preparation and  ing different widths can immediately be distinguished.
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Figure 2. Rietveld refined (a) XRD pattern (A = 1.5418 A) of FS-L, and (b) the ND pattern (A= 1.594 A) of FS-L (all measured
at RT). Vertical tick marks in panel (a) indicate the positions of the diffraction peaks of three refined phases, which are from bottom
to top (1) B and (2) § D-mannitol, as well as (3) a mixture of magnetite/maghemite phases in the Fd3m space group. In panel
(b) the arrows indicate the peaks corresponding to wiistite. The vertical markstindicatéthe positions of the diffraction peaks of 5
refined phases, which are from bottom to top (1) 8 and (2) § D-mannitol (nuclear);»(3) wiistite (nuclear), and both (4) magnetic
and (5) nuclear contributions of the mixture magnetite/maghemite phase,

The sharper peaks found at low angles correspond to
the 8 and 0 polymorphs of the acyclic sugar alcohol
D-mannitol [37], which was used to prevent agglomer-
ation during the freeze-drying. In the samples we have
discriminated the 8 and § polymorphs of D-mannitol,
which crystallize in the orthorhombic P232,2; and
monoclinic P2; space groups, respectively." The de=
rived lattice parameters agree well with those reported
in [37). The broader diffraction peaks, arise from the
iron oxide core phase. All reflections cam be indexed
with a cubic F'd3m space group with aflattice.param-
eter a ~ 8.36 A(see table A1l for details). This value of
the lattice parameter suggests that the iron oxide phase
must be a mixture of maghemite (’y—FZ)%()g) for which
a = 8.34A [38,39] and magnetite (Fe30f) for which
a = 8.39A [40]. The average derived crystallite/core
sizes are 7(2)nm for FS-XS and R,and 11(4) nm for
FS-L; but it should be noted that the XRD patterns
indicate that the samples were textured.

Figure (b) presents the refined ND pattern of
the FS-L sample. The pattern/ exhibits less texture
than the XRD pattern, which we explain by the higher
penetration depth off{neutrons cempared to X-rays.
Analysis of the ND pattern reveals a minor weight
fraction of about 2wt% of wiistite, which is another
iron oxide phase with a Fm3m space group [41]. The
diffractionspeaks of wiistite are marked by arrows in
figure b). A magnetic contribution of wiistite to the
ND pattern was not considered because its magnetic
ordering temperature is below 200K [42]. The refined
core size is 9(4) nm. Considering the large uncertainties
on thereore sizes derived from XRD and ND, and the
texture observed by XRD, we estimate a mean core

1%

diameter for all samples of around 9nm (7-11nm). In
[21] the mean core size was estimated via TEM to be a
around only 6 nm. We attribute this discrepancy to the
different weightings of the techniques. Whereas, the
mean size derived from TEM is the number weighted
mean, the mean core size determined with XRD and
ND is intensity weighted, which naturally results in
larger values. It can be noted, that the estimated value
of around 9 nm for the mean core size agrees well with
the results from SAXS, which is shown in the following
subsection.

3.5. SAXS

Figure (a) shows the radially averaged SAXS
intensities I(g) of the seven colloids and figure [3[(b)
the derived pair distance distribution functions P(r).
The detected maximum size of the core-clusters (when
P(r) reaches zero) increases systematically from 18 nm
(X8S) to 56 nm (XXL and R).

The distribution of FS-XS has a maximum at
around 4.5nm, which agrees well with the P(r)
function calculated for a sphere with a diameter of 9 nm
(dotted line in figure [3|(b)) [28,[30]. This additionally
confirms that the individual cores are around 9nm
in size, although it has to be considered that with
SAXS also the surrounding coating is detected, which
increases the total particle size. The determined
maximum size, though, is 18 nm and the elongated
shape of P(r) then indicates that at least some of the
cores were aggregated to dimers.

The distributions of the larger size fractions are
systematically shifted to higher values, but without a
significant change in shape compared to FS-XS. These
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Figure 3. (a) Radially averaged SAXS intensities I(q) of the colloids with measurement uncertainties. The inset shows the low
g-range, where the solid lines are the fits by IFTs. (b) Pair distance distribution funetions P(r) determined by IFTs of I(g). The
dotted line represents the P(r) function calculated for a homogeneous sphere/with a diameter of 9 nm.

observations verify that the samples FS-XS—XXL
contain in fact distinct fractions of core-clusters with
systematically increasing size. Considering that for
isometric clusters we would expect a bell-like shape
of P(r), the elongated shape of the experimentally
determined distributions for all seven samples suggests
that the clusters tend to be anisotropic, as also
observed by electron microscopy in [21].

3.4. DCM measurements

In figure [fa) the DCM curves M(H) ofsthe seven
colloids are plotted. The detected magnetization at
pwoH = 5T (H = 3.2 -105A/m) varies between
80 — 100 Am? /kgr.. Assuming thé'steichiometry of
maghemite, this corresponds to/a voltime magnetiza-
tion of around 2.7 - 10° — 3.4 - 10% A /i, which is below
the literature value for the saturatiommagnetization of
maghemite (4 - 10° A/m) [43]. This suggests a certain
amount of uncorrelated spinsywithin.the particles.

Figure [4[b) shows the M(H) data for the FS-
R sample along with the weighted superposition of
the M(H) curvescof the individual fractions. The
weighting factors/exs_.&xr1, were.determined by a least-
square fit and can bednterpreted as the relative volume
fractions. Ass@xpected, the weighted superposition of
the size fractions provides an accurate representation
of the data'for the FS-R sample.

Frem the individual DCM curves of all seven
samples, we detived the apparent magnetic moment
distributions P(p) = Msp(p)Ap plotted in figure [4f(c).
Here, p(p) issthe moment-weighted probability density
and Ay was logarithmically spaced (3 p(p)Ap =1).

The apparent magnetic moment distribution of
the FS-XS size fraction was well described by a broad

number-weighted lognormal distribution with ¢ = 1.1
and a mean gnoment of () = 3.6 - 107%Y Am?, as
show in' figure [4(c) (grey area; in the plot, the
distribution was transformed to a moment-weighted
distribution and weighted by logarithmically spaced
Ap, thus resulting in a moment square weighted
distribution). From the mean magnetic moment we
can estimate the effective magnetic core size D,,,. With
Mg = 2.7-10° A/m and assuming spherical shape (i.e.
u = wMgD32 /6) we obtain D,, ~ 6.3nm, which is
smaller than but close to the diameter of the individual
cores determined by XRD and ND. This indicates
that the moment distribution determined for FS-XS
corresponds to the intrinsic moment distribution of the
individual cores, where the slightly reduced magnetic
core diameter may be due to uncorrelated surface spins
[44-46] or an internal spin disorder [45]/46].

For the fractions S—XXL, a clearly bimodal
distribution emerged (figure [4c)). The peak in the
low-moment range is for all samples at about the same
position as the distribution of FS-XS, which can be
thus interpreted as a signature of the primary cores.
The main peak in the high-moment range, attributed
to clusters, was shifted to higher values for increasing
size fractions. This shows that the larger clusters
have higher effective magnetic moments. The largest
effective moments are accordingly detected for the
samples FS-L, XL and XXL, with average values of
roughly 2-10718 Am?, 2.5-107!® Am? and 3-1078 Am?,
respectively.

In figure d) we show that the weighted
superposition of the distributions of the individual
fractions results in the same bimodal distribution
as determined for the mother batch FS-R. This
verifies the existence of the two aforementioned distinct
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Figure 4. (a) DCM measurements M (H) of the colloids with measurement uncertainties. Continuous lines are the fits by numerical
inversion. (b) M(H) measurement of the mother batch FS-R. Continuous (magenta) line is the weighted superposition of the
M(H) curves of the individual fractions FS-XS—XXL with c¢xg = 0.374, ¢cs = 0.144, ¢y = 0.006, ¢, = 0.005, cxy, = 0.070,
exxr, = 0.313. These values were determingd by a leastssquare fit. (c) Discrete moment-weighted apparent moment distributions
P(p) = Msp(p)Ap of the colloids determined by numerical inversion of the M (H) curves. Grey area is the transformed and rescaled
distribution calculated for a number-weighteddognormal distribution p() with ¢ = 1.1 and a mean value of (u) = 3.6 - 10720 Am?.
(d) P(p) of the mother batch FS-R./Continuous (magenta) line is the weighted superposition of the P(u) distributions of the
individual fractions FS-XS—XXL. As weighting factors cxs_,xxr we used the values determined from the superposition of DCM

curves shown above.

moment regimes, corresponding to.therindividual cores
(peak in low-moment range) andthe effective moments
of the core-clusters (peak in high-moment range).

3.5. OM measuréments

OM measurementsiprobe the physical orientations of
anisometric smagnetic ‘manoparticles. The signal is
weighted by the extinction properties of the magnetic
nanoparticles and therefore by their volume, which in
case of single-cores is directly proportional to their
moment [32]. Figure [5fa) shows the even harmonics
(n = 2;.5,12) of the quasiequilibrium OM(H) response
for field amplitudes up to puoH = 0.23T for the FS-
XSusample. The measurements deviate only little
from the quadratic response (linear in double-log plot)
expected for very small moments, and a fitted moment

distribution P(u) will therefore not be well determined.
Instead the data was analyzed using a lognormal
distribution with the moment-weighted median value
obtained from DCM measurements resulting in o =
1.29. Assuming that FS-XS primarily consists of
single core particles, the moment is proportional to
the particle volume and the intrinsic weighting of the
OM signal is consequently moment weighted. The
moment distribution in figure [5fa) (black curve) was
converted to be weighted by the moment square to
enable a direct comparison to the moment distribution
obtained from M (H) measurements (red curve). The
two distributions are found to be in good agreement.
For the larger fractions FS-S—XXL and FS-R,
a superposition of two lognormal distributions was
needed to fit the OM(H) measurements, where one
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Figure 5. OM(H) measurements at low frequency of (a) FS-XS and((b) FS-L. Top: Lines from green to black are increasing even
harmonics from 2 to 12. Bottom: Red curves are the distributions derived' by numerical inversion of the DCM measurements, and
black curves are the distributions obtained by fitting the OM(H) measurements assuming a superposition of two lognormal functions
for P(p). The blue curve for FS-L is the unimodal lognormalidistribution determined by fitting the OM(H, w) measurements, which
were performed at low field amplitudes (large moments are dominating the signal). All plotted distributions are moment square
weighted. (c) OM(H,w) response (V,, and V') of FS-L. The colors are from blue to red poH = 0.5mT to poH = 6.5 mT in steps of
0.5mT. The lines are from the global fit using a bivariate lognormal distribution shown in (d). (e¢) Determined unimodal lognormal
distribution of characteristic (Brownian) relaxation frequencies of FS-L, weighted with the extinction properties.

distribution had parameters (except for scaling) fixed
to the values obtained for the FS-XS'sample and the
other lognormal distribution was free to vary. The
first distribution is used to generally represent low
magnetic moments and it should be noted that these,
due to the weighting of the OM signal, eentribute only
little to the total signal. Figure b) shows the data
and moment distribution for FS-14{ The determined
distribution (black curve) was found.to be in good
agreement with the bimodal distribution derived from
the DCM data.

The samples where also characterized by OM(H, w)
measurements. The éxperiments were performed with
pwoH < 6.5 mT where thesignal was dominated by
the high-moment peak of 4he bimodal moment dis-
tribution, which ‘was’ attributed to the clusters. Fig-
ure [5|(c) shows the realpart, V. and the imaginary
part, V,”, of the firsgtfour even harmonics of the OM
signal. The'spectra for all investigated harmonics were
analyzed simultaneously in terms of a unimodal bivari-
ate lognormal distribution of moments and Brownian
relaxation frequencies, which also included the correla-
tion betweemthese two parameters [33]. The inclusion
ofithe higher harmonics in the analysis enabled deter-
mination of the Brownian frequency distribution even
when the peak of V] was outside the measurement win-

dow as spectral features are shifted to lower frequencies
in the higher harmonics.

The obtained distribution, shown in figure d),
displays a correlation between the moment and
Brownian relaxation frequency, which can be described
by p o< w9 As 1/w. x V, we therefore
approximately find that pu o< V;2-5, which is expected for
multi-core particles with randomly oriented magnetic
moments [47].

The unimodal moment distribution obtained from
the analysis of the OM(H,w) data at comparatively
low field strengths is in good agreement with the high-
moment peak of the bimodal distribution extracted
from the OM(H) and DCM measurements performed
at higher field strengths (figure [5b)). We recall that
this peak describes the effective moments of multi-core
particles and that the peak at x4 ~ 10720 Am? in
figure a,b) is due to single cores.

Similar analyses were performed for the other
fractions (shown in the appendix, figure . The
results allowed us to divide the individual sample
fractions into three groups:

(i) The FS-XS sample consisted mostly of the
individually dispersed single-cores and a fraction of
small clusters of cores (e.g. dimers). We assume that
the signal is dominated by single-cores.
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Figure 6. (a) Real and (b) imaginary part ofithe volume suseeptibility x(w) = x/(w) + ix”'(w) of the colloids (every second data
point shown). The weighted sum cxg - xxs(w) +egnxs (W) +en - xm(w) 4+ er - xn (w) + exr, - xxn (w) + exxL - xxxL(w) was calculated
using the weighting factors derived from the DCM measurements. Continuous lines for L, XL, XXL and R are the fits by numerical
inversion. (c¢) The characteristic relaxation frequency distributions P(w.) derived by numerical inversion of the ACS measurements.
For the inversion we assumed for each data point an ungertainty of 0.05 - x} .. The grey area indicates the frequencies outside the
experimentally accessible range. (d) UnimodalJognormal distributions p(wc) of the three samples FS-L, XL and XXL determined
by fitting the OM(H,w) data.

(ii) The FS-S and partly. also the'FS-M samples  distribution, it represents only a very small correction
consisted of a mixture of single-cores, small clusters to the signal from the large multi-core particles as the
and slightly larger multiécore particles. The OM signal  field alignment is small for small moments. Therefore,
was dominated by the larger multi-core particles, but  the contribution from these particles to the OM(H,w)
the contributions from smaller clusters and single-cores ~ measurements at low fields was negligible and the
were not negligiblel The analysis of the OM(H,w) data  measurements could be taken as representative for the
in figure a) was therefore representing the multi-  large multi-core particles. From the unimodal analysis
core particles with a‘small/influence from single-cores.  of the OM(H,w) data we found for all samples that the
This made ghe exponeéints relating the moment and  clusters had approximately p oc V0.
hydrodynamic size determined from the unimodal fit
less reliable. 3.6. ACS and magnetic hyperthermia experiments

(iii) The FS-L=XXL samples were dominated by ) ) .
large multi-coré\particles. It is noted that the low-  1herealand imaginary parts of the volume susceptibil-
moment peak in figure [A2b) obtained from OM(H) 1t1€s X(w) = X/(W) ‘UXN(W)’ measured for all seven col-
measurenieW®® had a fixed shape and thus was an loids, are depicted in figure [6}(a) and (b), respectively.
effective_representation of the signal due to low- ‘dditionally, we show in both panels the weighted su-
moment particles (single-cores or small clusters of perposition of the curves of the individual fractions F'S-

sirigle-cores). Although the peak appears large in the XS—XXL, for which we used the weighting factors de-

Page 8 of 13
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termined from isothermal magnetometry. Again, the
superposition is in good agreement with the measured
susceptibility of the mother batch R.

For the smaller fractions FS-XS, S and M we
observe a monotonic decrease of the real part, and
a monotonic increase of the imaginary part. This
indicates that most relaxation processes occur outside
the accessible frequency range. We explain this by
the dominance of Néel-like relaxation processes of the
moments of the primary core particles, for which the
characteristic relaxation frequencies are above wyax =
5.7-10% rad /s. However, for the three large fractions L,
XL, XXL as well as the mother batch R, which solely
contain core-clusters, a distinct relaxation peak at
around wyax = 104 rad/s is observed in the imaginary
part (figure [6b)).

Accordingly, the derived discrete relaxation time
distributions P(w.) = p(we)Aw. each exhibit a
pronounced peak in this frequency region (figure @(c))
Here, p(w,) is the moment-weighted probability density
distribution and Aw, is logarithmically spaced. These
peaks (grey area in figure [6f(c)) are in good agreement
with the unimodal lognormal distributions p(w.)
obtained from the combined fit of the OM(H,w)
data (figure @(d)) Only physical particle rotation
can be detected with OM measurements and henece
the distributions correspond to the distributions of
Brownian relaxation times, with 7, = al/w. =
3nVu/(kgT), where n is the viscosity, V. is the
hydrodynamic volume and kg7 is the thermal
energy. In turn, this also means that the additional
contributions in the high-frequency range, which we
observe by the ACS measurements, haye to be due to
internal Néel-like relaxation processes. It should be
mentioned that the detailed features.in the distribution
of relaxation times obtained by num&cal inversion
near and outside the ACS measurément  frequency
range (W < Wmax = 5.7 - 10%zad/s) in figure @(c) are
likely to be numerical artifacts and should thus not
be interpreted in detail. Also it should be noted that
the additional peak observed for FS-XXL at very low
frequencies can be probably attributed to a partial
particle agglomeration. in the sample.

Despite the /missing “information in the high-
frequency range, we can surmise from the finite values
of x” at the_highést measurement frequency wpax
for the threé samples FS-L, XL, XXL a considerable
internal moment relaxation within the core-clusters.
The values,of X/ measured at wy,,, for all samples are
listed An table [I"“Within the linear response theory
the generated heat during hyperthermia experiments is
directly proportional to x”, and the so-called intrinsic
loss power (ILP) is given by (ILP)calc = (muo/cre) - X,
wheterpg. = 47 - 1077 Vs/(Am) is the permeability
of free space and cg. is the iron mass concentration

Table 1. Imaginary part X’/ of the volume susceptibility of the
seven colloids measured at wmax = 5.7 - 108 rad /s (figure @),
the estimated values for the intrinsic loss power (ILP)caie’ =
(mpo/cre) - X" (Wmax) = 1.1-10% - X" (Wmax) BHmM? /kggerand the
measured values (ILP)meas-

Sample X" (Wmax) (ILP )calc (ILP) meas
(SI) (nHm?/kgg.) (nHm?/ker.)
FS-XS 0.43-1073 0.472 0.14 +0.09
FS-S 1.52-103 1.673 0.98 +£0.17
FS-M 5.11-1073 5.620 2.46 + 0.16
FS-L 9.36-10"3 10.296 4.64 £0.18
FS-XL 11.08 - 1073 12.184 4.96 +0.16
FS-XXL 9.05-1073 0.953 4.76 £0.13
FS-R 3.39410=3 3.732 2.17+0.15

[8,[36]. Eorsthe ACS measurements the seven colloids
had an/iron eoncentration of cpe = 3.7mgp./ml [20].
Hencén(rio/cre) = 1.1 - 10> nHm? /kgp., and within
the dinear response theory, the values for the ILP can
be calculated.(table . Table (1| additionally reports
the measured values, (ILP)peas- A comparison of the
calculated and measured ILP values reveals that the
measured values are systematically lower. A linear fit
Oof (ILP)catc vS. (ILP)ppeas Tesults in a slope of 2.3(1).

This shift can be attributed to a non-linear
magnetization behavior, considering that the ACS
measurements were performed with an amplitude of
the excitation field of 95 4T and the ILP measurement
with an amplitude of 8.8 mT. Despite this discrepancy,
the two ILP values are qualitatively in good agreement.
This is confirmed by the Pearson correlation coefficient
between the two data sets of R = 0.99. This
coefficient is a measure of the linear correlation
between the two data sets, where a R = 1 would
imply a perfect linear relationship. Thus, the
hyperthermia experiments show that the samples FS-
L, XL and XXL, which contain the largest clusters
of the intrinsically superparamagnetic cores, are the
best heaters. Moreover, the ILP values measured for
these samples compare favorably to those obtained for
other iron oxide nanoparticle samples in the literature
where typical values in the range 0.2-4.4 nHm?/kgp,
have been reported [48].

Comparing the present samples to the nanoflowers
studied in [35], subtle differences are observed. The
nanoflowers were found to consist of intergrown seeds
with a clear overlap but slightly varying orientations.
Consequently they were considered as particles with a
nanocrystalline slightly disordered substructure. The
magnetic moment of a particle was found to be
roughly proportional to the particle volume indicating
a preferentially ferromagnetic coupling between the
subcomponents of a particle. The particles in
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the present study were formed by clustering of
well-defined cores that were not intergrown but
form dense structures via oriented attachment [21].
Considering the dipole interaction between two cores
separated by a particle diameter (9 nm) and with the
magnetic moment p found from DCM measurements,
we estimate an interaction energy on the order
of pop?/ks =~ 150K, which is sufficiently high
to significantly influence the magnetic dynamics at
room temperature. In addition, cores in contact
may also couple by exchange interactions and this
coupling could be significant, but less so compared
to the nanoflowers studied in [35]. The nature of
the exchange coupling can be ferromagnetic (direct
exchange), antiferromagnetic (superexchange) or a
mixture thereof depending on the atomic sites in
contact. However, the relative importance of dipole
and exchange interactions is not easily disentangled.
We observe that the interactions between the cores in
the clusters result in a non-zero remanent moment and
that this moment in the large clusters is proportional
to the squareroot of the particle size as expected for
multi-core particles with randomly oriented thermally
blocked core moments. This suggests that the
core moments are oriented at random and that/the
relaxation of the otherwise superparamagnetic single
cores is slowed down and broadened over a wide
frequency range by the interactions betweensthe cores.

4. Conclusions

We analyzed the magnetic properties vand hyper-
thermia performance of a commercial¢sample, named
FeraSpinT™™-(FS)-R. FS-R consists of|iron oxide ¢ores,
which are partially aggregated to clusteQ with a broad
distribution of the cluster size. /Additionally, we in-
vestigated the six samples FS-XS, S, M, L, XL and
XXL, which were obtained by a fractionation of the
mother batch FS-R. According to XRD and ND the
primary iron oxide cores have ansize,of about 9nm,
and SAXS confirmed that the average size of the core-
clusters within the samples FS-XS—XXL systemati-
cally increases from 8 nm(XS)456 nm (XXL).

The isothermal and dymamic magnetic proper-
ties of the seven samples were characterized by DCM,
and frequency-dependent QM as well as ACS measure-
ments. From these data sets we derived the underly-
ing discrete moment and relaxation frequency distri-
butions,respectivelys/ The extracted distribution func-
tions showed (1), that the cores are intrinsically super-
paramagnetic with high characteristic relaxation fre-
quencies and (ii) that the clusters have large induced
remanent moments. As a result, these clusters tend to
align bysBrownian rotation in case of alternating fields
with low excitation frequencies. For high excitation

10

frequencies comparison of the OM and ACS results re-
vealed that the Brownian rotation is inhibited due to
viscous friction. Nevertheless, the samplesswith large
clusters (FS-L, XL, XXL) maintained @ significant out-
of-phase susceptibility up to the highest measurement
frequencies. This relaxation dynamics eould conse-
quently be attributed to Néel-like relaxation ofithe core
moments within the cluster. Finally, we showed that
this relaxation observed for the samples with large clus-
ters correlated with superioryperformance in magnetic
hyperthermia experiments.
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Appendix

Additional XRD and ND results

Figure shows the refined XRD patterns of the
samples FS-XS and R, and table lists the main
parameters obtained from the Rietveld refinement of
all XRD and ND patterns

(a)4 - l° lo datal l FS')(SI - XRD -
calculated
= —— residuals
g | Bragg positions
o 2r .
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>
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Figure A1l. Rietveld refined¢XRD patterns (M= 1.541A) of
(a) FS-XS, (b) FS-R. Vertical tickumarks indicate the positions
of the diffraction peaks of three phases (from bottom to top)
(1) B and (2) § D-mannitol, as,well as (3) a mixture of
magnetite/maghemite phases in the Fd3m space group.
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Additional OM results

In figure (a) we plot the bivariate lognormal
distribution obtained from fits to the/OM(Hyw) data
of all seven samples, and in figure b) we compare
the apparent moment distributions determined from
the OM measurements with thefdistributions derived
from the DCM curves M (H).
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Figure A2. (a) Bivariate lognormal distribution obtained from
fits to OM(H, w) measurements. (b) Apparent magnetic moment
distributions. The red curve is obtained by numerical inversion
of the isothermal magnetization curves M (H) and is weighted
by the square of the magnetic moment. The black curve is the
bimodal distribution obtained from analysis of high-field OM(H)
measurements (the dotted line is weighted with the extinction
properties of the particles; the solid line is the distribution
weighted by the square of the moment). The blue curve is the
moment distribution obtained from the bivariate analysis of the
OM(H,w) data in (a).
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Table Al. Results from the Rietveld refinement of the XRD and ND room temperature data using the Fullprof Suite,[24] with a
cubic Fd3m space group for the iron oxide core phases [Fe tetrahedral site at (1/8, 1/8, 1/8); Fe Octahedral site at (1/2, 1/2, 1/2);
O at (1/4, 1/4, 1/4)]. Below we show the list of parameters refined from neutrons, i.e., lattice parameters, weightdfractions, average
crystal size Dcryst of the cores, and Goodness of fit x? and agreement factors Rp, Rwp, R — Bragg.

XRD ND
FS-XS FS-R FS-L FS-L
Lattice parameters (A) iron oxide phase a =8.360(1) a=8.359(1) a =8.351(1) a = 8.357(1)
a=5536(1) a=5622(1) a=5685(1) a'=5.670(1)
# D-mannitol b=8.669(1) b=8.697(1) b=8671(1) b= 8.816(1)
c=16.900(5) ¢=16.893(6) ¢=16.891(2) » c=16.660(3)
a=4906(1) a=4913(1) a=4.912(1) a=4.912(1)
§ D-mannitol b= 18.240(3) b= 18.252(2) 4b— 18%5(2) b= 18.251(3)
c=5.083(1) ¢=5089(1) [ c="5088(1) ¢ =5.090(1)
B=118.19(1) fB=118.25(1) B=11834(1) B =118.29(1)
wiistite - - < a = 4.286(1)
Weight fraction (%) iron oxide phase 3(1) 40(2) 4(1) 41(1)
£ D-mannitol 3(1) 8(1) 1(1) 3(1)
§ D-mannitol A(1) 52(1) 5(1) 54(1)
wiistite - - - 2(1)
Depys (nm) iron oxide phase 7(2) 7(2) 11(4) 9(4)
\2 1.94 144" 2.59 1.04
R, (%) 6:05 6.35 7.93 0.928
Rup (%) 7.75 8.0 1.2 1.17
R — Bragg (%) iron oxide phase 124 5.64 7.81 4.41
£ D-mannitol 26.0 23.0 26.0 20.3
0 D-mannitol 13.2 8.3 13.7 9.7
wistite - - - 17.4
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