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A B S T R A C T   

Iron oxide nanoparticles find many applications due to their response when subjected to externally applied 
magnetic fields. Equilibrium magnetization measurements (commonly known as magnetization curves) are an 
essential characterization tool to evaluate if particles display hysteresis, and to obtain magnetic properties such 
as the saturation magnetization. For superparamagnetic particles, one can obtain a magnetic size distribution by 
fitting the data to a theoretical model, such as the Langevin function, in what is called magnetogranulometric 
analysis. If one wishes to use the resulting size estimates as a predictor of particle performance in applications, 
magnetization data must be obtained under conditions that capture the response of the particles with minimal 
artifacts. In this paper, we used selected iron oxide nanoparticle batches with physical size ranging from 20 to 45 
nm to demonstrate the influence of sample preparation methods on the magnetization data obtained. We show 
that measurements in powder form and in liquid solvents display varying degrees of particle interaction artifacts 
at low fields, depending strongly on particle size and on the thickness of the surface coating. In addition, 
measurements in ‘solid’ waxy hydrocarbon matrices are shown to be susceptible to particle rotation artifacts for 
large particle sizes. Hard crosslinked polymer matrices are shown to restrict particle motion completely, resulting 
in magnetization data that follows the Langevin function if the measurement is performed above the blocking 
temperature of the particles. We end with a discussion of how the presence of matrix-dependent measurement 
artifacts influence the magnetic diameter fits obtained using magnetogranulometry, and how measuring above 
and below the blocking temperature can affect fit results.   

1. Introduction 

Magnetization as a function of applied magnetic field (M−H) mea
surements are the most commonly used technique for evaluating 
superparamagnetic behavior in magnetic nanoparticles and are ubiqui
tous in the iron oxide nanoparticle synthesis literature. For super
paramagnetic particles, one can estimate the magnetic diameter 
distribution, an important metric that correlates to the phase purity of 
the nanoparticles when compared to the physical size distribution. 
Several theoretical models exist that allow interpretation of these 
measurements to extract a range of particle magnetic properties. Pio
neering work by Einstein [1], Langevin [2,3], and Smoluchowski [4] 
defines the basic relationships used today to understand the magneti
zation dynamics of nanoparticle ensembles. Other seminal contributions 

by Kittel [5], Néel [6], Stoner-Wohlfarth [7], Brown [8,9], Fokker- 
Planck [10], Kolmogoroff [11], and Landau, Lifshitz and Gilbert 
[12,13] provide frameworks for interpretation of single-domain and 
multidomain ferromagnetic nanoparticle behavior. These models are 
simple but elegant, and their utility lies in the fact that they are general 
enough for others to adapt based on the specific details of the particle 
systems and data being studied. 

As progress in the field of nanoparticle synthesis took place, several 
groups began to obtain data that deviated from the predictions offered 
by these models. To a large extent, work on the refinement of models 
mentioned above has been driven by the need for theories to explain 
real-world magnetization characteristics of metal and metal-oxide 
nanoparticles with an overwhelmingly wide range of physical and 
magnetic properties. Notable among contributions before the turn of the 
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century are the works of Vogel and Fulcher [14–16], who accounted for 
contributions of inter-particle interactions to magnetization curves in 
non-dilute particle systems, Akulov [17,18] for their approach to satu
ration model for single crystal particles, Bean, Livingston and Jacobs 
[19,20], who account for change in domain magnetization as a function 
of particle size and the presence of multiple domains within a particle, 
Johnson [21], who accounted for the presence of multiple contributions 
to particle anisotropy, Berkowitz and coworkers [22] for dead layer 
theory, Kaiser and Miskolczy [23] for a model that incorporates a non- 
magnetic surface shell (commonly known in current literature as the 
magnetically dead layer or disordered layer), Chantrell [24] and 
O’Grady [25], who incorporated a lognormal or gaussian magnetic size 
distribution respectively into the stochastic Langevin function, Pfeiffer 
[26,27] for incorporation of thermal fluctuations into the Stoner- 
Wohlfarth model, Chen [28,29] for the concept of demagnetizing fac
tors for non-spherical particles as a function of measurement tempera
ture and particle concentration, Stearns and Cheng [30], who accounted 
for the presence of superparamagnetic and ferromagnetic contributions 
to the magnetization of a system of core–shell particles, Respaud [31] 
for a methodology accounting for surface effects in ultrafine particles, 
and Allia and coworkers [32,33], who account for dipolar interactions in 
hysteretic systems. Over the past two decades, due to increased access to 
high-performance processors and parallel computing, this body of work 
has also been heavily supplemented by computational and theoretical 
work modeling magnetization dynamics of magnetic nanoparticles 
[34–49]. There are many more individual contributions than we can cite 
here; instead, we refer the interested reader to comprehensive reviews 
that cover recent advances in the field in much greater detail [50–58]. 

Having provided a summary of the theoretical framework for inter
pretation of magnetization measurements, we pivot to the measure
ments themselves. Equilibrium magnetization measurements are 
commonly done with the dried nanoparticles as a powder [47,59–62], 
but it has already been shown in literature that this produces mea
surements that align with predictions from models only in very limited 
cases. In most situations, close contact and interactions between the 
particles as a powder influence the measured magnetization [60,62]. 
Besides powder measurements, the other common format of performing 
these measurements is with the nanoparticles suspended in a liquid 
solvent [63–74]. The rationale behind this lies in the idea that the ability 
to freely rotate and maintain random orientation distribution in a liquid 
allows otherwise ferromagnetic particles to behave as superparamagnets 
even below their blocking temperature. This concept was first discussed 
by Shliomis [75,76], who coined the term “extrinsic super
paramagnetism” for ferrofluids that display this behavior. However, just 
as with measurements in nanoparticle powders, the presence of inter- 
particle interactions and the introduction of complexity in particle 
structure or composition can affect these measurements as well. 

In this work, we use selected iron oxide nanoparticle batches in the 
20–45 nm size range, synthesized in our lab via modifications to pre
viously published methods [72,77] to investigate the effect of sample 
preparation methods on magnetization measurements. Measurements 
with powder samples were used to confirm the presence of particle 
motion and close contact artifacts in the low-field region (±10 mT) of 
magnetization curves, which would prevent reliable interpretation of 
the data unless one accounted for the contribution of interactions to the 
response. Next, we demonstrate that deviations from superparamagnetic 
behavior appear at low fields even at dilute particle concentrations in 
low viscosity liquid solvents such as toluene, and that the Langevin 
function weighted with a magnetic diameter distribution for the nano
particles fails to capture the measured magnetic behavior. In other 
words, the particle suspensions displayed “non-Langevin behavior”. We 
further show that the same particles, when prevented from coming into 
close contact by the replacement of their thin oleic acid surface coatings 
with a thicker brush-like polyethylene glycol coating, exhibited a mag
netic response that conforms to a magnetic size distribution-weighted 
Langevin function. In the context of this manuscript, we henceforth 

call this “Langevin behavior”. Next, measurements of the same nano
particle samples embedded in long-chain hydrocarbons (docosane and 
hexatriacontane) that would be considered “hard waxy solids” at room 
temperature were performed to test whether suppressing physical 
translation of particles would lead to elimination of the non-Langevin 
behavior in magnetization. Instead, we observed magnetic behavior 
that suggests that the entire ensemble of particles undergoes rapid 
magnetization reversal when the field changes direction, causing 
extreme deviations from Langevin behavior close to zero field. Lastly, 
we show that immobilization in a hyper-crosslinked microporous poly
mer matrix such as polystyrene-divinyl benzene (PSDVB) [73,78,79]. 
restricts rotation as well as translation of large particles and results in 
magnetization data that follows Langevin behavior, if the measurement 
is performed at dilute particle concentrations above the blocking tem
perature of the particles. In those cases, measured data can be fit reliably 
to obtain magnetic diameter distributions using the Langevin function. 

We note that the aim of this manuscript is to highlight the need for 
careful evaluation of the methods used to prepare magnetic nanoparticle 
samples for magnetization measurements, especially as particles become 
large. It is already well-established that the physical size and 
morphology of the particles, synthesis route, and the resulting magnetic 
properties can result in a range of complex magnetization dynamics for 
nanoparticle samples. Here, the effect of sample preparation methods, 
specifically the medium of suspension and the thickness of particle 
coatings, on artifacts in the measured magnetization is explored across a 
range of particle sizes synthesized using similar chemistry. As such, we 
do not attempt to evaluate if any of the several models highlighted in our 
opening paragraphs would allow interpretation of the non-Langevin 
behavior present in our data. Instead, we present it as a cautionary 
tale for fellow researchers. In cases where magnetogranulometry using 
the Langevin function is appropriate considering the behavior of particle 
samples, lognormal magnetic diameter fits are discussed, and an anal
ysis of the temperature dependence of magnetic diameter estimates is 
presented. 

2. Methods 

2.1. Materials 

Iron (III) acetylacetonate (99%,TCI America), oleic acid (90%, Sigma 
Aldrich), 1-octadecene (90%, Sigma Aldrich), docosane (99%, Sigma 
Aldrich), toluene (99%, Fisher Chemicals), ethanol (99%, Fisher 
Chemicals), 20% oxygen-argon mixture (Airgas), argon (Ultra high pu
rity, Airgas), styrene (99%, Sigma Aldrich), azobisisobutyronitrile 
(AIBN, 99%, Sigma Aldrich), divinyl benzene (99%, Sigma Aldrich), 
hexatriacontane (99%, Acros Organics), poly(ethylene glycol) mono
methyl ether (mPEG, 5 kDa, Sigma Aldrich), isopropanol (99.5%, Fisher 
Chemicals), acetone (99.5%, Fisher Chemicals), chromium trioxide 
(98%, Fisher Chemicals), sulfuric acid (99.99%, Sigma-Aldrich), hy
drochloric acid (37.5% in water, Sigma Aldrich), dichloromethane 
(99.6%, Fisher Chemicals), diethyl ether(99%, Fisher Chemicals), 3- 
aminopropyltriethoxysilane (APTES, 98%, TCI America), Invitrogen™ 
CBQCA protein quantification kit (Fisher Chemicals), 1-Ethyl-3-(3-dime
thylaminopropyl) carbodiimide (EDC, Fisher Chemicals) N-hydrox
ysulfosuccinimide (Sulfo-NHS, Fisher Chemicals), magnetic columns 
(Miltenyi Biotec) and a standard palladium sample (Quantum Design) 
were all obtained from specified manufacturers and used without 
further processing. 

2.2. Particle synthesis and physical size characterization 

All nanoparticles used in this study were synthesized in our lab using 
modifications to previously published methods [72,77,80]. Briefly, a 
stoichiometrically defined iron oleate precursor was synthesized by the 
displacement reaction of oleic acid with iron (III) acetylacetonate in a 
carefully controlled temperature ramp in a batch process under reflux 
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[81]. The iron oleate precursor was then diluted in 1-octadecene and 
dripped continuously into a semi-batch reactor immersed in a molten 
metal bath at 350 ◦C with an initial charge of docosane and oleic acid to 
act as reaction solvents. The concentration of oleic acid in the reactor 
varied between 0.2 M−1.1 M across the syntheses. Continuous stirring 
at 350 rpm was maintained using an overhead stirrer and gas infusion 
was controlled using a combination of mass flow controllers and nee
dles. The final size of nanoparticles was determined by the total reaction 
time (ranging from 4 to 6 h), corresponding to the time after the pre
cursor drip was initiated. One batch was synthesized in an inert argon 
atmosphere. Two batches were synthesized by bubbling a 20% oxygen- 
argon mixture into the reaction mixture. Another two batches were 
synthesized by adding a 1% or 5% oxygen-argon mixture to the reactor 
headspace, one of the two batches was synthesized at a molten metal 
bath temperature of 360 ◦C instead of 350 ◦C. All batches of particles 
were purified from the crude reaction mixture by suspending in twice 
the volume of toluene acting as a solvent, followed by centrifugal pre
cipitation of the nanoparticles using an equal volume of ethanol as an 
antisolvent. The washing procedure was repeated two to three times 
before suspending the dried particle pellet in toluene. TEM micrographs 
were obtained on a Hitachi H7000 100 kV TEM or on a FEI Talos F200i 
200 kV S/TEM, by drop casting small volumes of diluted particle solu
tions in toluene onto 200 mesh Cu/Formvar-carbon or 200 mesh Cu/ 
Carbon grids. Particle physical size distributions were obtained by per
forming image analysis using ImageJ [82] on at least 500 particles per 
sample. 

2.3. PEG-silane synthesis and ligand exchange 

We synthesized the polyethylene glycol-silane conjugate (PEG- 
silane) used to coat particles via a two-step procedure [83]. First, 5 kDa 
mPEG was converted to mPEG-acetic acid (mPEG-COOH) using a strong 
oxidizing agent [84]. Briefly, 50 g of mPEG was dissolved in 400 mL of 
acetone, and 16.1 mL of Jones Reagent (70 g of chromium trioxide in 
500 mL of deionized water and 71 mL of sulfuric acid) was used to 
oxidize mPEG over 24 h. Approximately 5 mL of isopropyl alcohol was 
added to stop the reaction and 5 g of activated charcoal was added to 
remove impurities. The chromium salts and activated charcoal were 
removed using vacuum filtration. The acetone solution containing the 
oxidized mPEG was concentrated using a rotary evaporator. The 
concentrated mixture of mPEG-COOH was re-dissolved in 50 mL of 1 M 
hydrochloric acid. The polymer was then extracted to the organic phase 
by liquid − liquid extraction using 150 mL dichloromethane to partition 
chromium trioxide to the aqueous phase. The mPEG-COOH in 
dichloromethane solution was concentrated by rotary evaporation. The 
concentrated mPEG-COOH was precipitated using cold diethyl ether. 
The mPEG-COOH was then dried in a vacuum oven at room tempera
ture. Proton nuclear magnetic resonance (NMR) spectroscopy was used 
to confirm full conversion of mPEG to mPEG-COOH. To obtain PEG- 
silane, an amidation reaction using APTES was performed. APTES was 
added to melted mPEG-COOH at a 1:1 M ratio at 60 ◦C, then reacted for 
2 h at 120 ◦C and 500 mbar with constant mixing. The PEG-silane was 
then collected and cooled to room temperature. The resulting PEG-silane 
was analyzed through gel permeation chromatography (GPC) to confirm 
absence of oligomerization. 

The nanoparticles were coated with the PEG-silane using ligand ex
change, following previously published procedures [85,86]. Briefly, 
PEG-silane dissolved in dry toluene was mixed with a well-dispersed 
particle suspension, using a 10x excess of PEG-silane relative to the 
calculated number of oleic acid chains present on the particle surface. 
APTES was added at a 5x excess relative to the number of PEG chains 
and mixed well. The solution was capped and allowed to react over
night, approximately 16 h, at 100 ◦C. PEG-silane coated nanoparticles 
were purified using centrifugal precipitation with cold diethyl ether as 
the antisolvent. This was followed by two cycles of centrifugal precipi
tation using acetone as the solvent and cold diethyl ether as the 

antisolvent. The precipitate was then dried in a vacuum oven at room 
temperature overnight. The following day, PEG-silane coated particles 
were resuspended in water and dialyzed to remove excess PEG-silane. 
For further purification, particles were purified using magnetic columns. 

Last, the resulting nanoparticles were backfilled with additional 
mPEG-COOH using EDC-NHS chemistry [81,86]. The number of 
remaining primary amines on the particles was quantified using CBQCA 
protein quantification kit, following the manufacturer’s protocol. Once 
the number of amines were determined, a ratio of 1:2 amine: mPEG- 
COOH was used. The mPEG-COOH was suspended in water and pH 
adjusted to 5.0. EDC was added at a 1:2 carboxylic acid: EDC ratio and 
allowed to react for 15 min. Then, sulfo-NHS was added at a 1:1 ratio of 
EDC: sulfo-NHS. The pH of the solution was slowly adjusted to 7.0 and 
reacted for 15 min. Last, the nanoparticle solution was added, and the 
pH adjusted to 9.0. The mixture reacted overnight and was purified 
using a magnetic column. Finally, the nanoparticle suspension was 
sterilized using a 0.22 µm PES syringe filter and stored at 4 ◦C. 

2.4. Magnetometry 

2.4.1. Nanoparticle sample preparation 
Washed and dried nanoparticle samples were prepared using slight 

modifications for each sample matrix investigated. We refer the reader 
to Fig. 1 below for a schematic of the general synthesis and sample 
preparation procedure with a sufficient level of detail for the reader to 
connect various steps with sections described in our methods. Panel A) 
in Fig. 1 provides a simple schematic of the nanoparticle synthesis 
procedure, while panel B) in Fig. 1 outlines the coating and sample 
preparation strategies we used. Further details on each sample prepa
ration method are provided below. 

Particles purified by antisolvent precipitation as described above 
were redispersed in toluene at concentrations close to ~ 0.1 mg/ml 
based on dry particle mass, using a combination of water bath sonication 
and ultrasonication. Dynamic light scattering (DLS) measurements were 
used to estimate particle hydrodynamic size distribution, and median 
number-weighted diameter values 5–10 nm larger than the physical 
diameter of all particle batches were used to confirm absence of 
agglomeration in the colloidal suspensions. Magnetization measure
ments were performed on 100 μL of the toluene suspension deposited in 
polytetrafluoroethylene (PTFE) sample holders manufactured by 
Quantum Design. In the case of particles coated with PEG-silane, 100 μL 
of the sterilized nanoparticle solution in water was deposited into the 
liquid sample holder at ~ 0.1 mgFe/ml, determined by a colorimetric 
iron quantification assay [87]. DLS measurements were used to estimate 
particle hydrodynamic size for the PEG-silane coated particles in water 
as well, with median number-weighted diameter values 20–30 nm larger 
than the particle physical size used to confirm successful particle coating 
as well as absence of agglomeration in the aqueous suspensions. 

To prepare powder samples, the thrice washed nanoparticles sus
pended in toluene were subjected to further particle washing steps, until 
the particle pellet after centrifugation had lost all traces of waxy organic 
residue and acquired a matte black grain-textured appearance. The 
pellet was dried under vacuum for over 24 h, then scraped off the insides 
of the centrifuge tube and dry-packed into a polycarbonate capsule using 
a well-cleaned spatula. The powder was tamped down with light tapping 
and compression to prevent loose movement of the powder within the 
capsule, and care was taken to leave minimal free space inside. Capsules 
were held inside clear plastic straws for magnetic measurements, as is 
common practice with SQuID magnetometers for solid and powder 
samples. 

To disperse particles in docosane and hexatriacontane, 100 μL of 
toluene suspension was mixed with an equal volume of the melted hy
drocarbons and heated at 80 ◦C for 24 h with regular mixing to help 
evaporate toluene. A known mass of the waxy dispersion was deposited 
into the above-mentioned liquid sample holders, and the holders were 
quenched in cold water after capping, to guard against the possibility of 
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inhomogeneous nanoparticle distribution within the wax due to sedi
mentation. The filled liquid sample holders were used for magnetic 
measurements at 300 K, below the melting points of docosane (46 ◦C or 
319 K) and hexatriacontane (76 ◦C or 349 K). 

In the case of hard polystyrene divinylbenzene (PSDVB) matrices, we 
used methods described previously [73] to make our samples. Briefly, 
styrene and divinyl benzene monomers were mixed with azobisisobu
tyronitrile (AIBN) initiator. A known volume of the particle suspensions 
in toluene were added to this mixture and mixed well in 5 mm ID glass 
culture tubes. The particle-monomer mixture was heated at 70 ◦C for 
6–8 h to complete the polymerization. Periodic mixing was performed 
using pipetting in the first hour of polymerization to prevent particle 
settling, beyond which the crosslinked polymer hardened sufficiently to 
prevent movement of particles within the matrix. The volumes of par
ticle suspension and PSDVB monomer mix were calculated to ensure 
that particles remained dilute in the final polymer matrices. The PSDVB 
samples were held in plastic straws for the magnetic measurements, as is 
common practice with SQuID magnetometers for solid and powder 
samples. 

2.4.2. Magnetization measurements 
Measurements were performed on a Magnetic Property Measure

ment System-3 (MPMS-3, Quantum Design) superconducting quantum 
interference device (SQuID) magnetometer. We used a sequence that 
was validated using a paramagnetic palladium standard sample pro
vided by the instrument manufacturer. To validate instrument 

operation, we checked that the magnetization data for the Pd sample 
was linear and free of artifacts over the entire range (±7 T) of mea
surement for the instrument. Nanoparticle samples were contained 
either in PTFE liquid sample holders or were placed in plastic straws (in 
the case of PSDVB and powder samples) and centered at a field of 10 mT. 

2.4.3. Magnetogranulometric analysis 
Magnetogranulometry was performed on the nanoparticle samples 

by fitting the measured magnetization data M(H) to the Langevin 
function L(α) for superparamagnetism, weighted using a single 
lognormal magnetic size distribution as suggested by Chantrell et al 
[24]. In equations (1)-(5) below, ϕmag is the mass fraction of iron oxide 
nanoparticles in the sample, Md is the domain magnetization (446000 
A/m [88], value for bulk magnetite), nv(Dm) is the lognormal distribu
tion function for the magnetic diameter population, α is the Langevin 
parameter, Хbkg is the background susceptibility of the sample, H is the 
applied magnetic field, μ0 is the permeability of free space, kB is Boltz
mann’s constant and T is the measurement temperature. Dmv is the 
volume weighted median diameter of the magnetic diameter distribu
tion, and ln σg is the geometric deviation. The fits were performed in 
MATLAB 2019b using a non-linear regression model with least-squares 
fitting. 

M(H) = ϕmagMd

∫ ∞

0
nv(Dm)L(α)dDm + XbkgH (1)  

Fig. 1. Schematic for synthesis and sample preparation methods used in this manuscript: A) Semi-batch synthesis methodology used to obtain oleic acid coated iron 
oxide nanoparticles in the 10–50 nm size range, possessing a tightly controlled physical size distribution and varying crystalline or magnetic properties. We note that 
the images used are representative, for accurate details of the instrumentation and control parameters used, we refer the reader to our textual descriptions in the 
relevant methods section. B) Surface modification and sample preparation strategies used with oleic acid coated iron oxide nanoparticles acting as the starting point. 
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nv(Dm) =
1

̅̅̅̅̅
2π

√
Dmlnσg

exp[−
ln2( Dm

Dmv
)

2ln2σg
] (2)  

L(α) = cothα −
1
α (3)  

α =
πμ0MdD3

mH
6kBT

(4)  

3. Results and discussion 

3.1. Physical size and morphology of particles 

The nanoparticles at the end of each synthesis, regardless of use of 
oxygen during the synthesis, and regardless of the final size, were highly 
crystalline, faceted and had narrow physical size distributions, as is 
characteristic of the semi-batch thermal decomposition method used 
[72,77]. The differences in size and morphology result from the varying 
conditions used for each synthesis, described in the methods section of 
this manuscript. The nanoparticle batch named “22A” in Fig. 2 has a 
number-weighted median diameter (Dp) of 22.5 nm and a ln σg of 0.11. 
Batch “22B” had Dp = 20.5 nm and ln σg = 0.11. Batch “29A” had Dp =

29.5 nm and ln σg = 0.09, while batch “29B” has Dp = 29.3 nm and ln σg 
= 0.08. Lastly, the “45 nm” particles are 44.8 nm in number-weighted 
median diameter with a ln σg of 0.09. Batches 22A, 29A and 45 nm 
were used for the measurements made in toluene, docosane, hexa
triacontane, and PSDVB. The 45 nm particles were used for the powder 
measurement. Batches 22B and 29B were synthesized to evaluate the 
influence of measurement temperature and surface coating thickness on 
the measured magnetization data for nanoparticle suspensions, and on 
the magnetic diameter distributions obtained from corresponding 
magnetogranulometric fits. 

3.2. Validating the measurement sequence using a palladium sample 

Removal of remanent magnetization in the sample as well as residual 
flux in the magnetometer coils has been found to be critical for obtaining 
measurements that are representative of the real behavior of a magnetic 
sample. This is typically achieved by using a degaussing sequence [89]. 
The MPMS-3 SQuID magnetometer used to perform magnetic mea
surements has a built- in function that performs the degaussing, namely 
the ‘Magnet Reset’ command, but inadvertent omission of the degaus
sing step can lead to measurements with systematic and persistent error 
over the entire range of applied magnetic field values probed. We tried 
three different variants of the degaussing protocol in our MPMS- 3 
SQuID magnetometer. Results are presented in Fig. 3. As seen, a mea
surement sequence with no degaussing protocol (Fig. 3A) results in a 
magnetization curve with artificial hysteresis. Adding a manually con
structed oscillatory degaussing protocol (Fig. 3B) when moving from 
high field to low field (at a selected crossover value of 100 mT) partially 
removes the artifact but does not eliminate it. We concluded that a 
sequence with magnet reset steps performed after sample centering, and 
whenever the field value goes from high field to low field (at a crossover 
value of 100 mT) worked best to remove this hysteresis artifact and 
obtain the expected paramagnetic behavior for the Palladium sample 
(Fig. 3C). This sequence was used for all subsequent nanoparticle 
magnetization measurements. 

To help readers better interpret the figures in our work, we will use 
Fig. 3 as a reference to provide detailed notes and use the same notation 
for all magnetization data presented hereafter. We use different markers 
to differentiate between data points on figures as follows: open circles 
represent a ± 2 mT “low field magnetization loop” obtained at intervals 
of 0.1 mT (or 1 Oe) after the sample was centered and a magnet reset 
was performed. To obtain closed loop data over the full measurement 
range, field was varied from 0 mT to 2 mT, down to −2 mT, and up to 
2 mT. Next, the field is ramped up to + 7 T at appropriate field spacing 

Fig. 2. TEM micrographs of selected particle batches: A) 22A, B) 22B, C) 29A, D) 29B and E) 45 nm.  
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(data not shown in all figures), and ramped down using the same field 
intervals to −7 T. Downward facing triangles in our figures represent the 
segment of data between ± 10 mT obtained going “down” from + 7 T to 
−7 T. To close our magnetization loop, the same field spacing was then 
used to go from −7 T to + 7 T. Upward facing triangles in our figures 
represent the data between ± 10 mT obtained going “up” from −7 T to 7 
T. As noted earlier, magnet resets were performed when the field 
reached ± 100 mT, in the direction of decreasing field magnitude. 

3.3. Measurements of nanoparticles as dry powders 

In (Fig. 4A), the nanoparticles are immobilized in a microporous 
chemically crosslinked hard polymer matrix PSDVB [73,78,79], and this 
eliminates all particle motion. Additionally, the particles are well 
dispersed and dilute within the matrix, resulting in a ferromagnetic 
magnetization response with a symmetric hysteresis loop. The coercive 
field measured while going from + 7 T to −7 T is comparable to the 
coercive field measured moving in the opposite direction, and the sus
ceptibility (slope of the magnetization data) measured for the “low 
field”, “down” and “up” parts of the loop are constant over the range of 
data displayed. On the other hand, when measured in powder form 
(Fig. 4B) it is observed that the particles attain zero moment and align 
with the reversed direction of the field at a much smaller value of 

magnetic field. In addition, the magnetization curve is not symmetric 
about zero field, and the susceptibility changes drastically at low field 
values to achieve this response. We attribute this apparent enhanced 
susceptibility and the artificially reduced coercivity to a mechanism 
where the loosely packed particles physically move (rotate or translate) 
to align with the magnetic field. The asymmetry in the magnetization 
data can be explained by considering that the powder was packed in one 
arrangement when the measurement was started. Thus, in the “down 
from + 7 T to −7 T” part of the loop, this ordered packing of particles 
undergoes rearrangement to align with the reversed field. On the way 
“up from −7 T to + 7 T”, the powder experiences the same field values 
and field ramp rates, except with a different local packing order. Thus, 
the rearrangement that occurs to align with the field direction is similar, 
but not identical to the changes experienced in the “down” loop. 
Regardless of the mechanism, the measurements shown in Fig. 4 
demonstrate that artifacts are significant in powder measurements for 
large particles. 

3.4. Measurements in liquid solvents 

Measurements with the nanoparticles suspended in a liquid are a way 
of obtaining data for magnetogranulometric fitting due to the concept of 
extrinsic superparamagnetism [75,76] mentioned above. The data 

Fig. 3. Low field magnetization data of Pd sample at 300 K with A) No degaussing protocol, B) using an oscillatory degaussing sequence at a crossover value of ±
100 mT and C) Magnet reset at a crossover value of ± 100 mT. For better visualization, we plot only low field data between ± 10 mT, but all measurements were 
obtained over a range of ± 7 T. The solid (blue) lines correspond to the expected paramagnetic magnetization response of the Pd sample, shown to highlight de
viations from paramagnetic behavior where it is present. 

Fig. 4. Low field magnetization data for 45 nm particles A) immobilized in a hard PSDVB matrix to eliminate all particle motion B) as a dry powder loose packed in a 
gel capsule. For better visualization, we plot only low field data between ± 10 mT, but all measurements were obtained over a range of ± 7 T. 
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presented in Fig. 5 shows that magnetogranulometry using the Langevin 
function weighted with a lognormal magnetic size distribution fails to 
capture the non-Langevin behavior that appears at low fields for all 
particle sizes tested, making the assignment of physical significance to 
predictions of particle properties arising from the fits inaccurate. We 
observe that deviations from Langevin behavior can be identified as an 
opening of the hysteresis loop at low fields, and abrupt changes in the 
measured susceptibility close to zero field. This is similar to the non- 
Langevin behavior seen at low fields in powder samples. Additionally, 
the degree of deviation increases as particle size increases. One possible 
explanation is that the strength of interparticle dipole–dipole in
teractions in a small non-zero external field increases as the size of 
nanoparticles increases. In a liquid, particles can move towards each 
other, forming chains and aggregates due to dipole–dipole interactions 
[46,90]. These chains and aggregates will not respond to an applied field 
the same way isolated non-interacting particles would, which is a basic 
assumption of the Langevin function. Hence, we hypothesize that the 
deviations from Langevin behavior appearing in Fig. 5 are evidence of 
the formation of chains of nanoparticles as the sample is magnetized in 
the direction of the applied DC field, and a reversal of the chain polarity 
each time the field direction is reversed. 

Similar artifacts were observed with another batch of particles (29B) 
possessing similar physical and magnetic properties as 29A when mea
surements were performed in toluene (Fig. 6A). In Fig. 6B, we measured 
the magnetization response of 29B particles coated with a thick (5 kDa) 
polyethylene glycol brush and found that the particle magnetization 
response conforms to Langevin behavior. This suggests that particle 
interaction artifacts in magnetization measurements for large nano
particles can be prevented by using appropriate surface coating strate
gies, such as the dense polyethylene glycol brush used here [86], which 
offers steric stabilization to the particles by physically increasing the 
minimum separation distance. Indeed, several other groups have per
formed work that demonstrates formation of nanoparticle chains in 
nanoparticle suspensions under the action of static magnetic fields 
[90–99], in several of the articles the thickness and grafting density of 
the attached ligands was found to influence the degree of chaining. 
However, none of the work cited above examines the influence of the 
coating thickness on equilibrium magnetization measurements as shown 
here. 

We note here that observations reported in Fig. 6 are specific: a dense 
5 kDa PEG-silane coating, with a brush thickness of approximately 
10–15 nm based on DLS measurements, was found sufficient to elimi
nate particle–particle interactions and result in Langevin behavior dur
ing magnetization measurements for the 29 nm iron oxide nanoparticles. 
However, particles with varying core sizes would, in theory, need 

different coating thicknesses to achieve extrinsic superparamagnetism 
[75,76] and display Langevin behavior. In general, larger particles 
would require thicker coatings, because the magnitude of attractive 
magnetic dipolar interactions between particles increases as a function 
of particle volume. To obtain a precise estimate of coating thickness 
required, one must consider the balance between several competing 
forces that influence the stability of colloidal suspensions of magnetic 
nanoparticles, such as: magnetic particle–particle dipolar forces 
(attractive), Van der Waals forces (attractive), electrostatic forces 
(repulsive), hydrogen bonding and the hydrophobic effect (attractive), 
osmotic pressure (typically attractive), non-charge transfer Lewis acid- 
Lewis base interactions (attractive), steric interactions (typically repul
sive) and thermal motion (attractive or repulsive). These force balances 
can be accounted for using the DLVO theory [100–102] for interactions 
in colloidal suspensions, or with other theories [103] that have been 
developed to account for non-DLVO interactions present in many 
suspensions. 

3.5. Measurements in wax and polymer matrices 

In Fig. 7, we investigate the influence of another sample preparation 
method by embedding the particles in hydrocarbon waxes that have 
melting points high enough to be solid at room temperature. Unlike 
Figs. 3-6, we do not present the “down” and “up” segments of data in 
Fig. 7. Instead, we assess the “low field loop” between ± 2 mT for its 
adherence to Langevin behavior in docosane (open circles), hexa
triacontane (open squares) and PSDVB (upward pointing triangles). 
(Fig. 7A) demonstrates that the 22 nm (22A) particles show the defining 
characteristics of Langevin behavior in the low field linear regime for all 
solid sample matrices tested, namely: no hysteresis or a “closed loop” 
magnetization response, and a single value of initial susceptibility 
(defined as the slope of the magnetization vs. external field data in the 
linear regime). Differences in the susceptibility of individual measure
ments arise from small differences in the mass fraction of particles in the 
solid matrices. Similar behavior is seen for 29A and 45 nm particles in 
PSDVB matrices (upward triangles, Fig. 7B and 7C), with a smoothly 
varying magnetization response and a single value of initial suscepti
bility. We make a note that the response for 29A particles in PSDVB is 
not strictly “linear” or “closed loop”, which could be due to the large 
thermally blocked ferromagnetic nanoparticles retaining magnetization 
from previous exposure to a large external field value. However, 
remanent magnetization alone cannot explain the artifacts seen for 29A 
and 45 nm particles in docosane (open circles, Fig. 7B and 7C) and 
hexatriacontane (open squares, Fig. 7B and 7C)- the collective magne
tization of nanoparticles retains a linearly decreasing non-zero value 

Fig. 5. Measurements at 300 K in toluene for A) 22A particles B) 29A particles C) 45 nm particles coated in oleic acid. For better visualization, we plot only low field 
data between ± 10 mT, but all measurements were obtained over a range of ± 7 T. Solid (blue) lines correspond to the expected Langevin response based on 
magnetogranulometric fits to the Langevin function weighted with a lognormal magnetic diameter distribution, shown to highlight deviation from ideal Langevin 
behavior where it is present. 
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until the external applied field is below 0.1 mT, following which the 
measured magnetization rapidly decreases to a new value that aligns 
with the external field when it changes direction. This “flip switch” 
response bears features that are like the response seen for oleic acid 
coated nanoparticles suspended in toluene (Figs. 5 and 6A), and so we 
present parallel reasoning to explain it. 

First, we remind the reader that PSDVB formed by thermal cross
linking is typically a hyper-crosslinked polymer [78,79] with predomi
nantly microporous structure (average pore size smaller than 5 nm). 
Previously, our lab has used PSDVB to successfully immobilize particles 
with Dp ranging from 8.5 nm to 11 nm for magnetogranulometric 
measurements [62]. Thus, the hard PSDVB matrix was found to restrict 
particle physical motion completely, resulting in smoothly changing low 
field magnetization loops even for the larger particles. On the other 
hand, docosane and hexatriacontane are solidified waxy alkanes with no 
chemical crosslinking. As such, they have a mechanical stiffness much 
higher than liquid solvents such as toluene but are significantly softer 
than a hard polymer matrix such as PSDVB. Additionally, N-alkanes 
have been studied previously for the presence of pre-melting phase 
transitions that lead to an increase in the conformational disorder, 
longitudinal translation ability and interchain distances within unit cells 
at temperatures between 10 and 40 K below their macroscopic melting 
point [104,105]. For our measurements performed at 300 K, a higher 
degree of deviation from Langevin behavior was observed in docosane 
(with a macroscopic melting point of 319 K) than in hexatriacontane 
(with a macroscopic melting point of 349 K) for both 29A and 45 nm 

particle batches. The differences in the ability of these two solid matrices 
to suppress inter-particle interactions would then be well-explained if 
we acknowledge that the waxes at 300 K may have interchain distances 
that allow limited movement of particles with dimensions comparable to 
the chain length of the alkanes. Contrary to the case in liquid solvents, 
where large particles translate within the suspension and form chains of 
particles magnetized in the same direction, we propose that waxy al
kanes restrict particle physical translation but allow rotational polari
zation leading to the “flip switch” changes in the measured 
magnetization. Building upon our hypothesis of physical particle motion 
causing the appearance of artifacts in magnetization data, we propose 
that the behavior observed in Fig. 7 for large particles is caused by a 
combination of slow randomization of particle dipole orientations while 
the external static field is decreasing in a stepwise fashion, followed by 
rapid (and collective) particle physical rotation with an enhanced 
apparent susceptibility to align with the external field when it changes 
direction. 

3.6. Measurements in PSDVB as a function of temperature and analysis of 
magnetogranulometric fitting results for selected samples 

To conclude, we discuss the influence of measurement temperature, 
and selected sample preparation methods on the particle magnetic 
diameter distributions obtained by applying magnetogranulometric fits 
using the Langevin function weighted with a lognormal magnetic size 
distribution. First, we obtained ZFC/FC measurements on both particle 

Fig. 6. Measurements for 29B particles at 300 K, 
A) coated in oleic acid and suspended in toluene 
B) coated in a dense thick brush of polyethylene 
glycol suspended in water. For better visualiza
tion, we plot only low field data between ± 10 mT, 
but all measurements were obtained over a range 
of ± 7 T. Solid (blue) lines correspond to the ex
pected Langevin response based on magneto
granulometric fits to the Langevin function 
weighted with a lognormal magnetic diameter 
distribution, shown to highlight deviation from 
ideal Langevin behavior where it is present.   

Fig. 7. Low field magnetization loops for A) 22A, B) 29A, and C) 45 nm particles in hydrocarbon wax and PSDVB matrices at 300 K. For better visualization, we plot 
only the “low field loop” between ± 2 mT, but all measurements were obtained over a range of ± 7 T. Different markers in each panel are used to denote mea
surements performed in different solid sample matrices. 
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batches used here to estimate their blocking temperatures (Tb). Batches 
22B and 29B have Tb = 127 K and Tb > 400 K (outside the temperature 
range of our instrument). respectively. We make a note that the simple 
parabolic fit we used to determine the peak in the ZFC curves may be 
overestimating the blocking temperature of the nanoparticles according 
to recent work exploring the effect of interparticle interactions on ZFC/ 
FC data [44] but justify the simplistic model because we use the value 
only for qualitative comparisons between measurement temperature 
and blocking temperature. In Fig. 8, we present the magnetization 
response of nanoparticles (22B) immobilized in a PSDVB matrix as a 
function of measurement temperature. As seen in (Fig. 8A), the 
magnetization response for 22B at 100 K exhibits hysteresis, which is 
expected for superparamagnetic particles below the blocking tempera
ture. (Fig. 8B), obtained at 200 K, is above the blocking temperature of 
the particles, which coincides with closing of the hysteresis loop, 
although there is still significant deviation from Langevin behavior. 
(Fig. 8C and 8D), at 300 K and 400 K, are far above the blocking tem
perature, which is why they exhibit closed loop magnetization responses 
as well, and the response is closer to the expected Langevin behavior. 

Finally, we conduct a closer examination of the results obtained from 
the magnetogranulometric fits for selected samples. To assess whether 
we should assign physical significance to the magnetic diameter distri
butions obtained from a given fit, our primary criterion was simply 
whether the predicted magnetic size estimate is smaller than the phys
ical size of the particles. This is because iron oxide nanoparticles syn
thesized by the thermal decomposition method are known to typically 
possess a magnetically dead layer [23,72] or non-magnetic phases of 
iron oxide such as wüstite [70,71], which lead to a reduction in the 
magnetic size. Our second criterion was the adherence of the fitted 

function to the measured data. Aside from confirming whether the fit 
prediction had a close match across the entire range of magnetization 
data by plotting both the full range and low field data separately, we 
used the absolute root mean squared error (RMSE) of the non-linear 
regression as one of the parameters to differentiate between fits per
formed for the same particle sample. In addition, the non-linear 
regression allowed us to obtain 95% confidence intervals for each 
fitting parameter. In some cases, these confidence intervals were used 
along with the predictions to make decisions regarding the validity of 
the magnetogranulometric analysis. To aid discussion, the values for 
nanoparticle mass fraction in the sample (ϕmag), volume-weighted me
dian magnetic diameter (Dmv), corresponding geometric deviation (ln 
σg), background susceptibility at high field (Хi), 95% confidence in
tervals for each of the four fit parameters, and the RMSE of the fit are 
listed for 22B particles as a function of temperature (first 4 entries), and 
29B particles with different surface coating thickness and medium of 
suspension (entries 5–7) in Table 1. 

For entries in Table 1 corresponding to data for the 22B particles in a 
solid matrix (Fig. 8), we see that the magnetic diameter estimate in
creases as the measurement temperature increases past the blocking 
temperature of the particles (127 K for batch 22B). This can be explained 
by the increasingly larger fraction of the nanoparticles that become 
thermally unblocked when the measurement temperature increases, and 
the expectation that larger particles require higher temperatures to 
become unblocked. When compared to the physical size distribution of 
the particles (Dp = 20.5 nm and ln σg = 0.09), the magnetic diameter 
estimate approaches the physical diameter. Looking further, the 95% 
confidence intervals for all the estimates become narrower as temper
ature increases from 100 K to 300 K, and the RMSE of the fit drops as 

Fig. 8. Low Field magnetization loops for 22B par
ticles in PSDVB at A) 100 K, B) 200 K, C) 300 K, and 
D) 400 K. For better visualization, we plot only low 
field data between ± 10 mT, but all measurements 
were obtained over a range of ± 7 T. Solid (blue) 
lines correspond to expected Langevin response 
based on magnetogranulometric fits to the Langevin 
function weighted with a lognormal magnetic diam
eter distribution, and are shown both to aid discus
sion, and to highlight deviation from ideal Langevin 
behavior where it is present.   
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well. Going from 300 K to 400 K, confidence intervals of some param
eters in the fit increase, and the RMSE of the fit increases as well. These 
observations are also reflected in the closer match of the magneto
granulometric fit at 300 K across the entire range of measured magne
tization data, which is not the case for the fits obtained at other 
temperatures, as depicted in Fig. 8 for the low field region of the data. 

Next, we look at entries 5–7 of Table 1 to examine the influence of 
surface coating and medium of suspension on the magneto
granulometric predictions. We remind readers that the 29B particles had 
a Tb > 400 K, thus they are ferromagnetic over the entire range of 
temperatures our instrument can access. To aid discussion, in Fig. 9 we 
plot the magnetization data corresponding to those table entries across 
selected ranges of applied external field to visualize the non-Langevin 
behavior present in the samples. When coated with oleic acid and sus
pended in toluene (Fig. 9A,9B and 9C), the first indicator that particle 
motion artifacts make magnetogranulometric fits unreliable is that the 
predicted magnetic size is larger than the physical size (Dp = 29.3 nm 
and ln σg = 0.09) of the nanoparticles. The second obvious issue with the 
fit is that it does not provide a close match to the measured magneti
zation data, this can be easily confirmed by looking at the low field (±10 
mT) and mid-range (±100 mT) plots of the fit and magnetization data. 
However, it is difficult to see the deviations from Langevin behavior in 
the full range data. We wish to emphasize that most authors (including 
our group in the past) typically plot only the full range data, and this 
makes it incredibly easy for the deviations to be obscured. Next, the 
sample in PSDVB (where the 29B particles are immobilized and ther
mally blocked, data in Fig. 9D, 9E, and 9F) resulted in a magnetic 
diameter estimate well below the physical size of the particles, and the 
95% confidence intervals seem reasonable in comparison to fit pre
dictions, but the inability of the fit to provide a close match to the 
ferromagnetic magnetization response is again verified by looking at 
low field and mid-range plots of the data. Thus, we designate the fit as 
unreliable. Finally, the 29B particles present Langevin behavior when 
coated with a sufficiently thick surface coating (Fig. 9G, 9H and 9I). 
Consequently, the magnetogranulometric fit provides a close match to 
the measured magnetization response at both low and high field ranges, 
which is reflected in the low RMSE value for the fit. To further cement 
our confidence in the magnetic diameter estimate obtained from the fit, 
we observe that the confidence intervals for all fit parameters are nar
row, and that the predicted magnetic size matches the physical size 
distribution, which has been demonstrated previously for particles 
synthesized with methods that promote better phase selectivity in the 

synthesized particles by providing an oxidizing environment through 
varied mechanisms [68,71,72]. This observation lends credibility to the 
idea that large thermally blocked particles may be analyzed reliably for 
their magnetic size in liquid suspensions, by taking advantage of the 
extrinsic superparamagnetism [75,76] endowed when sufficiently thick 
surface coatings that impart steric stabilization are employed. As a final 
note in this discussion, we point out that making comparisons of the 
width of confidence intervals and the absolute value of the RMSE across 
29B samples cannot provide further insight, because three separate 
samples (with different mass fractions, suspension media, and surface 
coating of the nanoparticles) were used to obtain these measurements. 
Comparison across the 4 measurements for 22B particles was possible 
only because the same sample was measured at different temperatures. 

4. Conclusions 

Equilibrium magnetization measurements of magnetic nanoparticles 
can be confounded by several particle motion artifacts arising from 
sample preparation that affect the interpretation and ability to use the 
data for more detailed analysis, especially for large magnetic nano
particles. In this work, we show that measurements in liquid solvents 
can be affected by particle–particle interactions that may result in the 
formation of nanoparticle chains, resulting in non-Langevin behavior at 
low fields, even though the particles are able to freely rotate and align 
with the applied field. The effect was demonstrated to become signifi
cant with increasing particle physical size, which can be attributed to 
the increasing strength of dipolar interactions between larger particles. 
Magnetogranulometric fits using the Langevin function could not cap
ture particle magnetic response in these cases. Further, we demonstrated 
that these artifacts can be suppressed to yield Langevin behavior in the 
magnetization curves when the nanoparticles are sterically stabilized by 
the addition of a sufficiently thick brush-like surface coating, which can 
be explained by the fact that dipolar interactions would become 
increasingly insignificant when interparticle separation is increased. 
Magnetogranulometric fits on the sterically stabilized magnetic nano
particles in aqueous suspension resulted in magnetic size distributions 
that show agreement with the physical size distribution of the particles, 
even for large thermally blocked particles. Next, we demonstrated that 
use of waxy solids, such as long-chain hydrocarbons, can result in non- 
Langevin behavior for large particle sizes, and this is attributed to a 
rotational polarization effect where the particle magnetic dipoles align 
with the field and retain their orientation until the externally applied 
field reverses direction. This is fundamentally different from the way 
particles behave in liquid because the particles are no longer free to 
translate, but particle rotation is hindered only partially. Lastly, we 
show that to obtain data free of particle motion artifacts, measurements 
need to be performed in a rigid solid matrix, such as the polymer matrix 
PSDVB. For measurements performed with particles immobilized in 
such a fashion, magnetic diameter distributions obtained from a Lan
gevin fit are influenced by measurement temperature. Measurements 
below the blocking temperature of the particles display hysteresis, as 
expected of single domain magnetic nanoparticles in the thermally 
blocked regime. As the measurement temperature increases, magnetic 
diameter estimates increase, which is consistent with the expectation 
that more of the large particles in the sample become thermally 
unblocked. 
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Table 1 
Magnetic diameters obtained from data obtained using different sample prepa
ration methods.  

Particle Batch, 
Media, 
Temperature 

Magnetic Diameter distributions obtained from 
magnetogranulometric analysis using the Langevin function. 
Numbers in parentheses represent 95% confidence intervals for 
the fit predictions obtained via non-linear regression analysis in 
MATLAB. 

ϕmag (*10- 

2, a.u.) 
Dmv 

(nm) 
ln σg (a. 
u.) 

Хi (*10- 

10, a.u.) 
RMSE 
(a.u.) 

22B, PSDVB, 100 
K 

0.151 
(±0.005) 

10.91 
(±0.52) 

0.582 
(±0.059) 

−10 
(±13)  

0.00874 

22B, PSDVB, 200 
K 

0.145 
(±0.001) 

14.79 
(±0.08) 

0.462 
(±0.008) 

−1.2 
(±1.7)  

0.00128 

22B, PSDVB, 300 
K 

0.135 
(±0.000) 

16.32 
(±0.05) 

0.356 
(±0.005) 

0.0 
(±0.9)  

0.00061 

22B, PSDVB, 400 
K 

0.121 
(±0.000) 

17.14 
(±0.07) 

0.268 
(±0.007) 

0.0 
(±1.1)  

0.00083 

29B, Oleic acid 
coated in 
toluene, 300 K 

0.220 
(±0.009) 

31.50 
(±2.0) 

0.662 
(±0.146) 

0.0 
(±33)  

0.02648 

29B, PSDVB, 300 
K 

0.037 
(±0.000) 

11.07 
(±0.16) 

0.050 
(±0.114) 

0.0 
(±1.5)  

0.00101 

29B, PEG coated 
in water, 300 K 

0.328 
(±0.002) 

28.00 
(±0.19) 

0.416 
(±0.017) 

0.0 
(±6.8)  

0.00464  
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P. Araújo, Unravelling the effect of interparticle interactions and surface spin 
canting in γ-Fe2O3@SiO2 superparamagnetic nanoparticles, J. Appl. Phys. 109 
(11) (2011) 114319, https://doi.org/10.1063/1.3583652. 

[40] C. Vazquez-Vazquez, M.A. Lopez-Quintela, M.C. Bujan-Nunez, J. Rivas, Finite size 
and surface effects on the magnetic properties of cobalt ferrite nanoparticles, 
J. Nanopart. Res. 13 (4) (Apr 2011) 1663–1676, https://doi.org/10.1007/ 
s11051-010-9920-7. 

[41] M.A. Martens, R.J. Deissler, Y. Wu, L. Bauer, Z. Yao, R. Brown, M. Griswold, 
“Modeling the Brownian relaxation of nanoparticle ferrofluids: comparison with 
experiment,” (in eng), Med. Phys. 40 (2) (2013) 022303, https://doi.org/ 
10.1118/1.4773869. 

[42] D.B. Reeves, J.B. Weaver, Comparisons of characteristic timescales and 
approximate models for Brownian magnetic nanoparticle rotations, J. Appl. Phys. 
117 (23) (2015) 233905, https://doi.org/10.1063/1.4922858. 

[43] M. Stier, A. Neumann, A. Kobs, H. P. Oepen, and M. Thorwart, “Generalized Neel- 
Brown theory for a temperature-dependent magnetic anisotropy,” 2015/06/24 
2015. 

[44] K.L. Livesey, S. Ruta, N.R. Anderson, D. Baldomir, R.W. Chantrell, D. Serantes, 
Beyond the blocking model to fit nanoparticle ZFC/FC magnetisation curves, Sci. 
Rep. 8 (1) (2018/07/24 2018,) 11166, https://doi.org/10.1038/s41598-018- 
29501-8. 

[45] M. Stier, A. Neumann, A. Philippi-Kobs, H.P. Oepen, M. Thorwart, Implications of 
a temperature-dependent magnetic anisotropy for superparamagnetic switching, 
J. Magn. Magn. Mater. 447 (2018/02/01/ 2018,) 96–100, https://doi.org/ 
10.1016/j.jmmm.2017.09.068. 

[46] Z. Zhao, C. Rinaldi, “Magnetization Dynamics and Energy Dissipation of 
Interacting Magnetic Nanoparticles in Alternating Magnetic Fields with and 
without a Static Bias Field,” (in English), J. Phys. Chem. C Article 122 (36) (2018) 
21018–21030, https://doi.org/10.1021/acs.jpcc.8b0407110.1021/acs. 
jpcc.8b04071.s00110.1021/acs.jpcc.8b04071.s00210.1021/acs.jpcc.8b04071. 
s00310.1021/acs.jpcc.8b04071.s00410.1021/acs.jpcc.8b04071.s00510.1021/ 
acs.jpcc.8b04071.s00610.1021/acs.jpcc.8b04071.s007. 

[47] J.A. Ramos-Guivar, A.C. Krohling, E.O. Lopez, F.J. Litterst, E.C. Passamani, 
“Superspinglass behavior of maghemite nanoparticles dispersed in mesoporous 
silica,” (in English), J. Magn. Magn. Mater. Article 485 (Sep 2019) 142–150, 
https://doi.org/10.1016/j.jmmm.2019.04.067. 

[48] D. Aurélio, J. Vejpravova, Understanding Magnetization Dynamics of a Magnetic 
Nanoparticle with a Disordered Shell Using Micromagnetic Simulations, 
Nanomaterials 10 (6) (2020) 1149, https://doi.org/10.3390/nano10061149. 
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