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We have used low-field *H nuclear-magnetic resonance (NMR) spectroscopy and molecular dynamics (MD)
to investigate the aggregation dynamics of magnetic particles in ionic ferrofluids (IFFs) in the presence of
magnetic field gradients. At the beginning of the experiments, the measured NMR spectra were broad and
asymmetric, exhibiting two features attributed to different dynamical environments of water protons,
depending on the local strength of the field gradients. Hence, the spatial redistribution of the magnetic
particles in the ferrofluid caused by the presence of an external magnetic field in a time scale of minutes
can be monitored in real time, following the changes in the features of the NMR spectra during a period of
about an hour. As previously reported [Heinrich et al, Phys. Rev. Lett, 2011, 106, 208301], in the
homogeneous magnetic field of a NMR spectrometer, the aggregation of the particles of the IFF proceeds
in two stages. The first stage corresponds to the gradual aggregation of monomers prior to and during the
formation of chain-like structures. The second stage proceeds after the chains have reached a critical
average length, favoring lateral association of the strings into hexagonal zipped-chain superstructures or
bundles. In this work, we focus on the influence of a strongly inhomogeneous magnetic field on the
aforementioned aggregation dynamics. The main observation is that, as the sample is immersed in a certain
magnetic field gradient and kept there for a time t;,,, magnetophoresis rapidly converts the ferrofluid into an
aggregation state which finds its correspondence to a state on the evolution curve of the pristine sample in
a homogeneous field. From the degree of aggregation reached at the time 1., the IFF sample just evolves
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DOI: 10.1039/c55sm00541h thereafter in the homogeneous field of the NMR spectrometer in exactly the same way as the pristine
sample. The final equilibrium state always consists of a colloidal suspension of zipped-chain bundles with

www.rsc.org/softmatter the chain axes aligned along the magnetic field direction.

1 Introduction

Magnetic nanoparticles (NPs) play at present a key role in a
number of technological contexts such as storage media,
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among others. In many cases, particles having permanent
magnetic dipole moments are dispersed in a non-magnetic
carrier liquid such as water or oil, resulting in a colloidal
suspension often referred to as “ferrofluids” (FFs)." Typical
FFs involve fairly spherical particles with sizes of about a few to
several tens of nanometers. Because of their small dimensions,
the particles exhibit magnetic single-domain structure and
superparamagnetic behavior in the presence of external mag-
netic fields.>”> The resulting long-range dipole-dipole interac-
tions between magnetic particles play an important role in their
cooperative behavior. In fact, even at low fields and small packing
fractions, the energetic preference of head-to-tail configurations
leads to the formation of chains, as experimentally observed.®™?

This journal is © The Royal Society of Chemistry 2015
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At larger packing fractions and/or with nanoparticles showing
strong magnetic coupling, the application of an external (static)
magnetic field can trigger the formation of superstructures con-
sisting of a sort of aligned chain bundles.'*® Magnetic-particle
suspensions are, thus, of fundamental interest because they
constitute prime examples of complex fluids, whose internal
structure, phase behavior and dynamic rheological properties
can be efficiently controlled by external parameters.'”*®

Self-assembly phenomena such as chain formation in systems
with strong dipole-dipole interactions are a topic of considerable
theoretical interest. For example, recent theoretical studies on
systems without external fields employ concepts from theories
of network formation'® and the percolation or polymerization
transition® to explain the zero-field behavior (particularly the
absence of conventional vapor-liquid coexistence) observed in
computer simulations.>"?* The structure formation within a
(homogeneous) field, including the formation of field-aligned
chains, columns and crystals, has been investigated in various
studies.”*2® A related problem is the structure formation in
electrorheological (ER) and magnetorheological (MR) fluids
(systems of polarizable colloids in electric/magnetic fields),
which also display column and crystal formation.>***> These
phenomena have been explained, at least partially, by ground
state calculations.””*® A central (and somewhat counterintuitive)
point is that under certain conditions, neighboring aligned dipolar
chains can attract each other.® In fact, magnetic energy calculations
clearly show that for long enough chains (more than 14 particles),
the formation of thicker aggregates due to lateral aggregation of
chains is favored instead of longer chains.?® To a certain extent, the
aggregation phenomena we are dealing with in ferrofluids are
closely related to the so-called field-directed self-assembly. Electric
and/or magnetic fields can generate orientation-dependent, long
range interactions between colloidal particles, which direct their
assembly into highly ordered structures, such as small ordered
clusters, chains, and large crystalline lattices.***! In the case of
ferrofluids, the attractive head-to-tail interaction between the
permanent magnetic dipoles that leads to the formation of chain-
like structures oriented along an external magnetic field can be
switched on and off with the very same field. Hence, directed self-
assembly processes might be exploited for the development of
new functional materials with specific and/or switchable properties.
Current research in the area of diagnostic tests and experimental
therapies for malignant masses often requires the utilization of FFs
because they can be used to deliver drugs or to absorb toxins inside
the body depending on which coating is used for the particles.*>
Due to their capability to reach the site of concern, another area of
use of FFs is hyperthermia therapy.>® In all these cases, solutions
containing magnetic particles are injected into a biological system
and are guided to the site of interest by means of magnetic fields.
The use of inhomogeneous magnetic fields to take away the
magnetic particles from a solution is known as magnetic separation
or magnetophoresis and has provided new techniques capable of
improving standard technologies, especially in biotechnological
applications.** As a result, the manipulation of magnetic particles
by using inhomogeneous magnetic fields is a topic of great interest
in a wide range of research and technological areas.>"**
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The clustering dynamics of magnetic particles in steric*® and
ionic™*” ferrofluids was previously investigated by means of Raman
and NMR spectroscopy.® In Raman scattering experiments, the
change in the intensity of the stretching vibrational band of water
was used to monitor field-induced variations in local particle
concentration. In particular, the time dependence of cluster build-
ing and its dissociation in different external inhomogeneous
magnetic fields up to 350 mT were studied by these methods. As
a result, the time evolution of both aggregation/disaggregation
processes showed an exponential behavior with characteristic times
of the order of 100 s at room temperature.” On the other hand,
NMR spectroscopy was also used to study the equilibrium structure
as well as the dynamics of aggregation of magnetic nanoparticles.
An advantage of NMR with respect to Raman is that the former
technique can distinguish between contributions coming from
distinct magnetic environments of water protons at different
distances from the magnetic nanograins.*® As nanograins form
more complex structures, the strength of the magnetic field
gradients sensed by the protons in their restricted diffusion
changes, which leads to the concomitant reshaping of the NMR
spectrum. This was used to retrieve the appearance and pace of
formation of the chain-like structures and superstructures.”"®

In a previous work, we have studied the aggregation dynamics
of magnetic nanoparticles in an ionic ferrofluid (IFF) in the
presence of a spatially homogeneous magnetic field by means
of low-field NMR spectroscopy and molecular dynamics (MD)
simulations.'® In that case, the results showed that IFFs exhibit a
stepwise association process from ensembles of monomers over
string-like chains to bundles of hexagonal zipped-chain patches."®
Besides, it was shown that attractive van der Waals interactions
due to charge-density fluctuations in the magnetic particles were
instrumental for the stabilization of the superstructures against
thermal dissociation. In contrast, here we consider the effects of
an inhomogeneous field on the aforementioned structure-
formation dynamics. In principle, the main difference from the
point of view of the physical mechanisms leading to aggregation/
dissociation processes is the presence of magnetic field gradients,
which induce magnetophoresis in the magnetic colloid. That
means that there is an effective force acting upon the magnetic
dipoles of the nanoparticles, which drives them towards the
regions of maximum magnetic strength. This mechanism adds
to the ones associated with electrostatic repulsion, the magnetic
dipole-dipole attraction and van der Waals interactions between
chain segments. As this might have a strong influence on the
formation dynamics, we focus our attention on the effects of
magnetophoresis, always compared with the case in which the
state of the magnetic colloid evolves in a homogeneous field.

2 Framework
2.1 NMR lineshape

The general expression for a quadrature-detected NMR signal
can be described as follows:*

S(t) _ CeZTE(iV[)*”/)t’ (1)
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where v, denotes the Larmor frequency, C represents the
(complex) signal amplitude and y is the inverse of a (real) time
constant related to the spin-spin relaxation time of the magnetic
dipoles and the homogeneity of the magnetic field distribution
around its mean value B,. In praxis, the Fourier transform (FT) of
eqn (1) is used, converting the time-dependent signal called free-
induction decay (FID) into a function of frequency.***° The result
is a complex NMR spectrum described by the following equation:

. '\I)-(y—l/()) ) (2)

2
v
(*/2 +w=w) P -w)’

The real and imaginary parts of eqn (2) are called absorption and
dispersion Lorentzian, respectively. Usually only the real part of
the spectrum is used for the analysis of a NMR experiment.
However, due to the fact that the NMR signal can be affected by
a phase factor, in practice the parameter C is also complex. By
writing C = Ae'?, with A being a positive real constant and ¢ € [0,27]
a phase factor, the real part of eqn (2) can be written as:

A-
SR(I/) - }'2 T (l/ . V0)2

Sv)y=C

[ycos @ + (v — 1) sin @], (3)

where y represents the halflinewidth of the Fourier-transformed
NMR signal. Note that, the imaginary part of the NMR spectrum is
simply obtained by a phase shift of n/2 of the real part Sg(v). For
convenience we have expressed Sk(v/) in terms of the frequency shift
v — 1, in units of Hz, referred to the resonance frequency v, of free
protons in pure water.

2.2 Molecular dynamics (MD) simulations

In order to obtain further insight into the association processes, at
least on a qualitative level, we launched MD simulations using a
simplified model consisting of about thousand spherical particles
with diameters ¢ and magnetic dipole moments u; completely
aligned along the field direction. The field is assumed to be
homogeneous. The isotropic part of the two-particle interaction at
distance r; = |r; — 1;| can be described by means of a (truncated
and shifted) Lennard-Jones (LJ) potential of the form,

(aIry)%), ()

where the van der Waals (vdW) term (ocr;”) models the
attractive (induced-dipole) interactions due to charge density
fluctuations in the nanoparticles. The anisotropic contribution
mimicking magnetic dipole-dipole (DD) interactions is well
described by a screened, short-ranged potential

uph (ri) = i:_i(”ivi) <ﬂjvj> [exp(—xry) /ry], (5)

ury(ry) = 4¢((o/ry)"? —

with xo = 1,"* where po = 4n10~7 NA™2 is the magnetic perme-
ability of free space. A somewhat strong assumption is that we
restrict ourselves to two-dimensions (2D) by considering a slice
through the real system. In this way, a computation involving
many particles is affordable but the physics is not qualitatively
altered. MD simulations were carried out at a 2D packing fraction
close to the experimental situation of ¢, = (1/4)ps” = 0.015, with
p being the number density. Furthermore, the dimensionless
1J parameter ¢* = ¢/kgT = 1.0 (with kg = 1.3805 x 10 2* J K*
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and T being the Boltzmann constant and the absolute tem-
perature, respectively), and the dipolar coupling strength

_ .“0””52

o 4Tl’,kB TO'3
which is a function of the particle size. The value of the
dimensionless parameter A was chosen based on previous
simulation studies of 2D dipolar systems,* from which pro-
nounced aggregation is known to occur. Finally, calculations
were performed at constant temperature using a standard leap-
frog algorithm®* with a time step of At = 0.0025 to solve the
(translational) equations of motion. Typical MD runs consisted
of about 10° time steps for equilibration, followed by a produc-
tion period of about 2 x 10°At.

= 7. Here mg = | ;| is the saturation magnetization

2.3 Theory of chain formation and morphology of the
aggregates

The dipole-dipole interaction energy between two super-
paramagnetic particles with a field-induced magnetic dipole
moment m separated by a distance r can be written as:

L 2
Upp = A [1—3cos?0], (6)

where 0 is the angle between the direction of the external
magnetic field and the line joining the centers of the two
particles. The relevance of this attractive particle—particle inter-
action for the aggregation of the magnetic particles dispersed
in the fluid depends much on its strength, as compared with
thermal energy. The ratio between both energies can be taken
as a magnetic coupling parameter which is defined as:*>**

max 2
| DD | _ Mol )

I = = .
kBT ZTCGSkBT

By comparing eqn (7) and the definition of the dipolar coupling
strength A given above, it holds I' = 2-A. Physically, I' > 1 is
indicative of a scenario dominated by magnetic interactions
(favoring aggregation), whereas I' « 1 corresponds to a situation
where thermal agitation is predominant (favoring dissociation).
The I' values for conventional ferrofluids typically span a wide
range from 0.5 up to 40.** Nevertheless, the possibility of chain
formation depends not only on the magnetic coupling I" but
also on the volume fraction ¢, of magnetic particles dispersed
in the fluid. It has been demonstrated that the average length
of chains, if formed, can be computed from the number N*
of monomers that remains aggregated on average in thermal

equilibrium, as:****
V= \/F ~ (8)

Avalue of N* < 1 means no-chain formation, whereas for N* > 1

chains are present in the fluid with a length distribution charac-
N

terized by a probability p(N) ~ exp <_F) of finding chains with

N particles.*?

As far as the morphology of the superstructures or chain
bundles is concerned (which are built-up by subsequent colli-
sions of already formed chains), it has been shown by magnetic

This journal is © The Royal Society of Chemistry 2015
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energy calculations that there are two possibilities.”® After
collision of two chain pieces of length N and N/, either they
form a longer single chain of length N + N’ (tip-to-tip aggrega-
tion), or they form a ticker chain or bundle (lateral aggrega-
tion). By summing up all dipole-dipole interactions between
pairs of the N + N’ particles, it turns out that for the tip-to-tip
aggregation, the magnetic interaction energy rapidly levels at a
value of U ~ —3.27U,, independent of the chain length, with U,
given by*’

U, = 4kgT-T. (9)

On the contrary, for lateral aggregation the interaction
energy decreases linearly with the chain length with slope
AU
AN
(N > 14) one would expect from simple energetics arguments
that lateral aggregation into zipped-chain bundles becomes
more favorable than mere extensions in chain length.>®

~ —0.35U). As a consequence, for sufficiently long chains

3 Experimental

The sample consisted of an electrostatically stabilized ferro-
fluid composed of charged magnetite (Fe;0,) grains dispersed
in water with a particle concentration in volume ¢, = 0.01. HCI]
acid was employed to stabilize the sample with a pH = 3.
Sample characterization by means of dynamic light scattering
(DLS) showed that primary particles of less than 10 nm in size
irreversibly agglomerated to form stable grains of about 145 nm
in diameter, on average. The colloidal suspension of agglom-
erates exhibits a polydispersity index of around 0.2, which is
typical for this kind of ferrofluid, and is totally stable over
periods of many months, provided solvent evaporation or
changes in pH are avoided. Magnetization measurements indi-
cated superparamagnetic behavior®® with a resulting value for the
magnetic dipole at a saturation of mg = 2.744 x 107 J T
Further details of the preparation, characterization and a digres-
sion on the colloidal stability of the ionic ferrofluids used in this
work can be found in the ESLt*® About 14 ml of the fluid was
loaded into a small sealed plastic vial and placed in the bore of a
low-resolution SpinLock SLK-100 NMR spectrometer equipped
with two permanent magnets generating a magnetic field of
B, = 225 mT. Magnetic field homogeneity was measured to yield
22 ppm with a field gradient of 5 uT cm ™.

The NMR experiments ran as follows. First, the NMR spectra
of the pristine IFF sample were taken subsequently in the
presence of the homogeneous magnetic field B, of the NMR
spectrometer every 30 s for more than 3000 s. Next, in order to
study the influence of a magnetic field gradient on the aggrega-
tion dynamics, several sets of NMR spectra were acquired after
the IFF sample was subjected to a spatially inhomogeneous
field for a certain time. For this purpose, we placed the IFF
sample in the vial on top of a permanent magnet, as illustrated
in Fig. 1. The vial was kept at this exact position at the edge of
the magnet, where its stray field produces an average gradient
of about 5 T m™", for different times t;,, Up to 240 s. After
this dwelling time, the sample was introduced into the NMR

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Sketch of the permanent magnet and the lines (surfaces) of con-
stant magnetic field strength, as indicated, which have been previously
mapped out using a Hall probe. The sample was placed always at the same

marked position near the edge of the magnet. The resulting gradient of the

magnetic field is roughly 5 T m™.

spectrometer as fast as possible (total time ~1 min) for
monitoring the structure and superstructure formation
dynamics, again measuring a spectrum every 30 s for up to
3000 s. The evolution of the NMR signal from the water protons
is thus continuously monitored and from a line-shape analysis
using eqn (3) we obtain the amplitude, resonance frequency
shift, linewidth and phase as a function of time and for the
different dwelling times t;,,,, in the field gradient of the perma-
nent magnet. After each experimental run, the sample was
sonicated for several minutes to return it to its initial state
(reversible dissociation of all chain-like aggregates). This was
confirmed by the reproducibility of the NMR spectrum which
exhibited, within the experimental uncertainty, the same four
parameters after sonication as those of the pristine sample at
the beginning of a run.

4 Results and discussion

Fig. 2 shows two representative examples of the NMR spectra
(blue open symbols) of the pristine sample, which has not been
subjected to any magnetic field gradient before, consisting of
the real as well as the imaginary part of the Fourier transform of
the free-induction decay (FID) signal, measured at two different
times of the same run. The curves in Fig. 2a and b correspond
to the measurement performed 30 s after the pristine IFF
sample was introduced into the NMR spectrometer, whereas
Fig. 2c and d display the results obtained at a much later stage
(3000 s), for which equilibrium in the homogeneous field was
practically reached. The red solid curves correspond to the
NMR lineshape function fitted to the data points. This function
is constructed by adding an expression like eqn (3) for the
real part of the NMR signal for each of the three resonance
lines apparent in the spectrum (black dashed lines). From such

Soft Matter, 2015, 11, 7606-7616 | 7609


http://dx.doi.org/10.1039/c5sm00541h

Published on 03 August 2015. Downloaded by TU Berlin - Universitaetsbibl on 12/06/2017 10:22:19.

Soft Matter

Re{FID} Im{FID}

I > T.
4 |L1vol.% IFF

Amplitude (arb. units)

Frequency Shift (kHz)

Fig. 2 Real and imaginary parts of the Fourier transformed FID signal
(open blue symbols) at two different times for the pristine sample, i.e.,
without having experienced any field gradient, (a and b) at the beginning of
the measurement and (c and d) after 3000 s. The solid red lines corre-
spond to the total fitting function, whereas the dashed black lines repre-
sent each of the three resonances composing the full signal.

lineshape fitting we extract the values of the four parameters
(4, v, 7, and @) as a function of time for each resonance peak.
The imaginary part is simply obtained by using eqn (3) with a
shifted phase (/2 — @), keeping the same values for the rest of
the parameters.

The main peak in Fig. 2a at the beginning of the experiment
exhibits a large frequency shift of about 17 kHz with respect to
the pure water signal, thus being associated with water protons
within the solvation layer near and around the magnetic poles
of the nanograins. The large frequency shift indicates that these
protons are sensing a strong average magnetic field, whereas
the relatively small linewidth speaks for a largely restricted
motion in a region with a fairly narrow field distribution."®*®
The much broader secondary feature centered at around 0 kHz,
in contrast, is assigned to the signal from water molecules
moving freely within the interstitial volume between magnetic
particles but far away from them. In this case, although protons
feel an almost vanishing average field, during the time of 11 ms
over which the NMR signal is collected, they diffuse in vast
regions with a large distribution of magnetic fields. This is the
physical reason for the counter-intuitively large linewidth.'®>®
Finally, the feature peaking at —45 kHz is attributed to the
signal produced by the protons of the HCI acid used to fix the
pH of the IFF. As time goes by, the main peak changes in
amplitude, frequency and phase, according to the concomitant
redistribution of the magnetic particles of the ferrofluid, while
forming the chain-like structures and superstructures. The spectra
of Fig. 2c and d are the representative of the state reached
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at 3000 s, where mainly bundles of hexagonal zipped-chain
patches are present in the fluid.'® It is important to emphasize
that this final steady-state reached at the end of every long NMR
measurement run is an equilibrium state, provided the mag-
netic field remains applied. On the contrary, in the absence of
any magnetic field (the sample is taken out of the NMR
spectrometer, for example) the state characterized by chain-
like structures and superstructures is metastable. In fact, after
a day or so under ambient conditions or by immersing the
sample in an ultrasound bath, the ferrofluid returns to its
initial state of colloidally dispersed nanoparticles (monomers).
This was experimentally verified by comparing the NMR spectra
of the sample after sonication (before every measurement run)
with the NMR spectrum of the original pristine sample.

Fig. 3 shows the evolution of the two main parameters,
amplitude and frequency shift, of the dominant peak in the
NMR spectra (real part) for different dwelling times in the external
magnetic field gradient. Fig. 3a displays the time evolution up to
2500 s of the amplitude (black curve) and the frequency shift (red
curve) for the case of the pristine sample (no external magnetic
field gradient was applied), corresponding to the data published
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Fig. 3 Time evolution of the amplitude (black line) and the frequency shift
(red curve) of the real part of the FID signal measured for the IFF sample
after different dwelling times ;. of (@) 0's, (b) 30°s, (c) 60 s, (d) 110 s, and
(e) 180 s in an external magnetic field gradient of roughly 5 T m™™.
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elsewhere."® Fig. 3b-e display the NMR results obtained after the
IFF sample was sitting for t;,, = 30, 60, 110 and 180 s in the
inhomogeneous field, respectively. We point out that in contrast
to the clear changes observed for the dominant peak in NMR
spectra, the weak and broad features corresponding to the pure
water and HCI protons show only very small variations in all
parameters with time.

The abrupt change in the frequency of the main peak allows
for a distinction between two stages in the time evolution of the
aggregation state of the IFF. In contrast, the linewidth and
phase shift values (not shown) vary relatively little during the
whole measurement run. The first stage corresponds to the
period of gradual aggregation of monomers prior to and during
the formation of chains.® As already mentioned, the frequency
shift of about 17 kHz is indicative of a strong average magnetic
field produced by the oriented magnetic moments of the grains.
The second stage, characterized by a much smaller frequency shift
of about 2 kHz, proceeds after the chains have reached a critical
average length. Molecular dynamics (MD) simulations in a homo-
geneous field have shown that at this point the sluggish formation
of patches of a locally crystalline superstructure, consisting of
bundles of field-oriented, parallel staggered chains, sets in.'®
The small frequency shift is indicative of a much lower average
magnetic field created by the chain bundles. We point out that
the apparent peak in the frequency shift at measurement times
around 600 to 800 s is due to spurious artifacts generated by the
fitting procedure, for at those times the amplitude of the FID
signal is at its absolute minimum and the error in the determi-
nation of the frequency is maximal.

Regarding the amplitude of the main peak, we observe that
during the first stage it remains approximately constant (or
increases slightly) for the first 400 s and then a steep decrease
in intensity sets in. As discussed in ref. 16, this decrease
signalizes the beginning of chain-segment formation and is
explained by the fact that each time two particles form a dimer
or one particle adds to a chain, there is a loss of two high field
regions corresponding to the magnetic poles which are now in
contact. Hence, chain formation leads to a continuous decrease
in the number of protons in high field shift regions, the ones
contributing to the main NMR peak (large frequency shift).
Close after the point where the amplitude of the main peak
(~17 kHz) reaches its minimum, the chain segments have
reached the critical length for agglomeration into zipped-chain
bundles. This is the starting point of the second stage which is
characterized by a low-frequency peak (~2 kHz) that grows
continuously in amplitude, indicating the steady formation of
the chain bundles. Such lateral aggregation is further favored
by an effective attractive vdW interaction.'® From Fig. 3b-e we
can anticipate that the main effect of magnetophoresis appears
to be an acceleration of the aggregation process. Depending on
how long the IFF dwelled in the field gradient, the ferrofluid is
brought to a state of aggregation where longer chains or even
superstructures have been formed. For example, for 7;,, =180 s
(see Fig. 3e) the formation of the zipped-chain bundles had
already clearly started in the inhomogeneous field. Interestingly,
whatever the aggregation state reached by magnetophoretic
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motion might be, from that point on the system appears to
evolve exactly in the same manner as in the homogeneous field
B, of the NMR spectrometer.

The results of MD simulations are in excellent qualitative
agreement with this two-stage dynamics of nanograin aggrega-
tion in the presence of a homogeneous magnetic field.'® The
quasi-instantaneous correlation functions of the particles
parallel and normal to the field-direction (g;(ry), g 1 (r;)), respec-
tively, were also used to assist in the interpretation.® The
simulations show that at the beginning of the dynamics, the
typical configuration involves only monomers. As MD simula-
tion time elapses, a regime involving association of particles
into strings oriented along the field direction was observed.
String formation was evidenced by the development of large peaks,
separated by well-defined minima, in the quasi-instantaneous
correlation function gj(r;) of the particles in the field-direction.
Consistent with the presence of individual strings, the function
g1 (ry) is essentially zero at earlier times in the dynamics. However,
the situation changes at later times, where MD results reveal lateral
association of the strings into bundles with hexagonal-like order-
ing of the particles, as indicated by the appearance of non-zero
values for g (r;). Additionally, the main peak of g, (r;) is shifted
towards somewhat larger distances relative to that of gj(r;), con-
sistent with the fact that the particles in two neighboring chains
tend to be shifted by half a particle diameter relative to one
another (zipped-chain configuration).'® This arrangement is
known to minimize the energy in systems of aligned dipolar
chains®*®*” and has also been observed in MC simulations of
strongly coupled, confined dipolar systems.*® In addition, there
is experimental evidence for this kind of ordering from small-
angle neutron scattering,” cryogenic electron transmission
microscopy® and light scattering and transmission."? Finally,
at long times in the magnetic field, MD simulations show that
the system equilibrates at a state dominated by the presence of
large chain bundles, exhibiting pronounced longitudinal and
lateral correlations extending over several particle diameters.

In Fig. 4 we plot the mean chain length as a function of time,
obtained by MD simulations (homogeneous field). To compute
this quantity, two particles were considered aggregated if their
separation was r; < r. = 1.50. The MD results shown in Fig. 3 of
ref. 16 clearly indicate that zipped-chain bundle formation
starts roughly around a simulation time ¢t ~ 5 x 10*At, when
the lateral correlation function g, begins to develop the first peak.
At this time, the average chain length is (N) = 4 (see Fig. 4). Later
on, although bundles are being formed, chains continue to grow
in length at a faster pace up to a time ¢ & 3 x 10°At, where the
longitudinal correlation function g saturates.'® As a consequence,
the average chain length shown in Fig. 4 also stabilizes at a value
of (N) ~ 25. That means that at this second stage, chains do no
grow any further in length and aggregation into zipped-chain
bundles runs at full speed. We associate this point with the
occurrence of the minimum in the amplitude of the 17 kHz peak
in coincidence with the appearance of the 2 kHz peak in the NMR
spectra of the IFF, as observed in Fig. 3. It is instructive to
compare these results with the predictions of the model of chain
formation introduced in Section 2.3. Using the sample parameters
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Fig. 4 Molecular dynamics results corresponding to the time evolution
of the average chain length of IFF particles in the presence of a homo-
geneous magnetic field.

and eqn (7), we obtain for the magnetic coupling constant a value
of I' = 11.9. For our experimental volume fraction of ¢, = 0.01,
mean-field theory [eqn (8)] predicts an average chain length of
(N) = 23.6. This value is in remarkable agreement with the results
of MD simulations, though the latter were performed for a slightly
larger volume fraction of ¢, = 0.015. Besides, the value of (N) is
much larger than the minimum chain length of 14 monomers,
which is necessary for lateral aggregation to become more favor-
able due to the minimization of the magnetic energy (in addition,
bundles are more rigid and thermally stable).>

We now turn to a detailed analysis of the time variation of
the main peak amplitude during the first evolution stage, for it
provides deeper insight into the aggregation process in a
homogeneous field and on the influence of magnetophoresis
upon it. As mentioned before, it is evident from the time
evolution of the amplitude parameter A (see Fig. 3a-e) that,
irrespective of the time the IFF dwelled in the inhomogeneous
field, the system always needs about 400 s before the marked
decay in amplitude becomes detectable. This is clear evidence
for complex structure-formation processes which cannot be
described by a time-independent (constant) aggregation prob-
ability. If this were the case, A(t) would exhibit a simple
exponential decay with a characteristic time constant 7,4,. Let
us first consider the underlying physical processes that might
lead to the observed unusual behavior. In the absence of any
magnetic field (outside the NMR spectrometer), the magnetic
nanoparticles are uniformly distributed and there is no mea-
surable magnetization. Notice that this is also true even in the
case the colloid was subjected to an external gradient and
chains of certain average length (depending on 7;,,) are domi-
nantly present instead of monomers. We have previously mea-
sured by Raman scattering the characteristic time needed by
the same IFF sample to recover a homogeneous density distri-
bution, if the inhomogeneous magnetic field disturbing the
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particle density suddenly disappears.’ This time is at room
temperature roughly 45 s, whereas the typical time that elapses
when the vial is transferred from the permanent magnet
producing the gradient into the NMR spectrometer is about
1 min. Once inside the spectrometer, its highly homogeneous
magnetic field polarizes the superparamagnetic fluid, leading
to a massive alignment of the dipoles of monomers or chain
pieces along B,. Then, an attractive dipole-dipole interaction
between the colloid constituents sets in. At the beginning, this
interaction is weak but as time goes on, the head-to-tail attrac-
tion increasingly induces segregation of the colloid into a sort
of three-dimensional network with regions of filamentary form
with higher particle density. This can be ‘“visualized” in the
ESIt (Videos),” where we show the aggregation dynamics in the
initial evolution stage. The denser the filaments, the faster
the chain formation becomes. This is the point when the main
NMR peak starts to exhibit its decay in amplitude, for the
reasons stated before.

In order to describe quantitatively the time dependence of
the amplitude A in Fig. 3, we take into account recent theore-
tical developments in the theory of relaxation in complex
systems,’®>' where the relaxation of the logarithm of the
density follows a power law of the form t’. The case f < 1
corresponds to the classical stretched exponential relaxation
behavior observed in glasses. In recent times, the case f > 1
(compressed exponential behavior) has received considerable
attention, since it has been found to hold in simulations and
NMR experiments of gels and other soft glassy materials.’*>?
The underlying physics of a stretched or compressed exponential
behavior is very different. Stretched exponentials correspond to a
combination of different exponential relaxations with multiple
time scales. In contrast, compressed exponentials imply a sup-
pression of any fast relaxation channel. It has been suggested that
a compressed exponential represents a non-diffusive but slow
dynamics dominated by local drift of structures related to coop-
erative effects and dynamical heterogeneities. Previous work** has
shown that at the concentrations considered here, the motion of
magnetic particles in inhomogeneous fields leads to cooperative
magnetophoresis. Therefore, our ansatz is that the aggregation
probability is a monotonically growing function of time given by a
simple power law with an exponent larger than one. The differ-
ential equation describing the evolution of the amplitude para-
meter, ie., the amount of aggregation, at the initial stage can thus
be written as

d4 n—1
AL (10)

n
A Thee

Direct integration leads to the solution

Af) = Ay - exp {—% (T ’gg)] (11)

In Fig. 5, we have plotted again the values of the main peak
amplitude (symbols) as a function of time but solely in the first
evolution stage up to about 900 s for different times i, in the
field gradient. The solid red curves represent the results of fits to
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Fig. 5 Dependence on time of the amplitude (symbols) of the real part of
the FID signal within the first stage of its evolution for different dwelling
times tjnn in the magnetic field gradient. Red curves correspond to a fit
through the amplitude data points using egn (11). The inset shows the
values of the characteristic aggregation time 7,44 in @ homogeneous field
obtained from the fit as a function of the time 7;,, the IFF dwelled in the
field gradient.

the data points using eqn (11), having only A, and 7., as
adjustable parameters.

The exponent n was kept constant at a value of n = 5, which
yielded the best fits (note that the simple exponential decay is
recovered for n = 1). The compressed-exponential function of
eqn (11) seems to capture the essential physics of the aggrega-
tion process in a homogeneous magnetic field for all the
different initial aggregation states produced by exposing the
IFF to a field gradient during different lapses. We note again
that such a behavior has been observed in other soft materials,
but with somewhat smaller exponents. On the contrary, eqn (11)
cannot account for the slight increase in signal amplitude at short
times observed for the curves corresponding to 7;,, = 0 and 30 s; a
behavior which remains elusive. The inset to Fig. 5 shows the
values of the characteristic aggregation time t,g, oObtained from
the fits. For times in the inhomogeneous field shorter than 150 s,
the aggregation time is fairly constant and of the order of 400 s.
For larger values of t;,,, at which long chains or even zipped-chain
bundles are majority, 7,4, tends to be a bit longer (x450 s),
probably due to the fact that the density of larger aggregates is
lower. In fact, a fit using a single exponential growth function
yields a time constant for stage 2 of 420 + 50 s.'°

Regarding the influence of an inhomogeneous magnetic
field, the representative results of Fig. 3 provide evidence that
magnetophoresis does not seem to significantly alter the
two-stage time evolution of the IFF. In order to perform a
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quantitative analysis, we have plotted in Fig. 6 as a function
of the dwelling time 7;,, in the field gradient both the
frequency shift and the amplitude of the main peak in the
NMR spectrum at =30 s (black symbols) and at ~3000 s (red
symbols) of each measurement series. These correspond to the
starting and ending conditions, respectively, in each run. From
the measured frequency shifts at the beginning of the series, we
infer that the IFF remains in stage 1, characterized by the
coexistence of monomers and chain segments, up to a dwelling
time of 7;,, = 150 s. The longer the dwelling time, the smaller
the initial amplitude, which is simply due to the prolonged
magnetophoretic action of the external gradient, promoting
chain-segment formation. The frequency shift also exhibits a
relatively small decrease, which might be an indication that the
average magnetic field produced by the composite colloidal
suspension of chains and monomers also decreases, if the
number of the latter diminishes. For times t;,, > 150 s the IFF
encounters itself already in stage 2, consisting principally of a
suspension of zipped-chain bundles that just grow in size at the
expense of the remaining chains. The final state reached by the
IFF sample after the amplitude of the low-frequency peak (2 kHz)
saturates, in contrast, is always the same, indicating that in the
presence of a homogeneous magnetic field (that of the NMR
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Fig. 6 (a) Frequency shift and (b) amplitude of the main NMR peak of the
jonic ferrofluid at the beginning (x~30 s, black symbols) and the end
(~3000 s, red symbols) of each measurement series as a function of the
exposure time to the external magnetic field gradient.
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Fig. 7 Time evolution of the amplitude (black curve) and the frequency shift (red curve) of the main NMR peak measured for the pristine IFF sample
(tinn = 0) every 30 s for times up to 3000 s. The black and red closed circles correspond to the amplitude and frequency at the beginning of a similar

measurement series but performed after the IFF was sitting for a time 1., in

spectrometer, in this case) the equilibrium phase of an ionic
ferrofluid with strong dipolar magnetic interactions consists of a
suspension of zipped-chain bundles.

The main result of this work is illustrated in synthetic form
with the help of the graph shown in Fig. 7. There, we depict
again the time evolution up to 3000 s of the amplitude and the
frequency shift of the main NMR peak measured for the
pristine IFF sample. The key point is that we can mark on top
of both curves the initial amplitude and frequency values (black
and red closed circles), as obtained from the data points of
Fig. 6, corresponding to the parameters determined at the
beginning of a measurement series performed after the IFF
was sitting for different times 7;,;, in the external magnetic field
gradient. For each 7;,, we can associate a time in the evolution
of the pristine IFF sample, denoted by the dashed vertical lines,
for which the aggregation state of the IFF in a homogeneous
magnetic field would be the same as the one reached after
dwelling 7, in the external magnetic field gradient. This holds
true as far as the NMR signal is concerned. At this point, it is
interesting to compare our results on the aggregation dynamics
of magnetic nanoparticles with those obtained from magneto-
phoretic separation data,** since analysis of scaling laws in the
latter case leads to a similar conclusion. In magnetophoresis
separation experiments, a suspension of magnetic particles is
placed in an inhomogeneous magnetic field with a gradient
pointing towards the walls of the container. After a certain time
(the separation time t,p), the particles accumulate on the walls.
The experimentally observed dependence of ¢, on the initial
concentration of particles (tsep, ~ ¢o ") can be justified
theoretically only by a balance of hydrodynamic and magnetic
forces, assuming that the aggregation kinetics follows the same

7614 | Soft Matter, 2015, 11, 7606-7616

the external magnetic field gradient, as indicated.

functional form in homogeneous as well as inhomogeneous
magnetic fields.

5 Concluding remarks

Our experimental as well as theoretical results indicate that
the time evolution of the aggregation state of the IFF system
proceeds in two stages, when subjected to a homogeneous
magnetic field of a few hundreds of mT for long periods of
time in the range of an hour. The first stage corresponds to a
period of gradual aggregation of monomers prior to and during
the formation of chains. The second stage proceeds after the
chains have reached a critical average length and lateral
association of the strings into the zipped-chain bundles takes
place. The equilibrium state of the IFF system in an external
magnetic field is precisely the one where the bundle-like super-
structures are predominantly present, characterized by pronounced
longitudinal and lateral correlations extending over several particle
diameters. In the homogeneous field B, = 225 mT of the NMR
spectrometer, all aggregation processes during both stages appear
to take a time of the order of 400 s. Magnetophoresis is found to
produce solely an acceleration of the aggregation dynamics, bring-
ing the colloidal suspension (in a time scale of seconds) to a certain
aggregation state which finds its correspondence to a state on the
evolution curve of the pristine sample in a homogeneous field.
Within the time interval that takes to withdraw the IFF from the
external magnetic field gradient and to insert it into the bore of
the NMR spectrometer, diffusive as well as convective motion of the
magnetic entities of the colloidal suspension erases any concen-
tration gradient which magnetophoresis might have established
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during the time 7. The degree of aggregation reached at the time
Tinh, though, is retained and the IFF sample just evolves thereafter in
the homogeneous field of the spectrometer on a longer time scale of
minutes in exactly the same way as the pristine sample. The final
equilibrium state in the presence of a homogeneous magnetic field
is that of a colloidal suspension of zipped-chain bundles with the
chain axes aligned along the magnetic field direction, at least, at
room temperature.

In this way, we have provided deeper insight into the processes
governing aggregation dynamics in colloidal suspensions of mag-
netic nanoparticles and the role played by magnetophoretic
effects. The latter are of particular importance for applications
where the magnetic particles are driven and/or guided within the
fluid by field gradients, mainly in view of the fact that larger
aggregates are known to move much faster than smaller ones, due
to the phenomenon of cooperative magnetophoresis.*
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