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Role of surfactant molecules in magnetic fluid: Comparison of Monte Carlo simulation
and electron magnetic resonance
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We investigate a magnetic fluid composed of magnetite nanoparticles surfacted with dodecanoic acid mol-
ecules and stably dispersed in a hydrocarbon solvent. A comparison between Monte Carlo simulation and
different experimental techniques allows us to validate our methodology and investigate the behavior of the
surfactant molecules. Our analysis, based on the Langmuir model, suggests that the surfactant grafting number
on isolate nanoparticles increases with the nanoparticle concentration, while the grafting on agglomerated
nanoparticles presents a more complicated behavior. Our results suggests that, if properly coated and at a
certain concentration range, colloids can become stable even in the presence of agglomerates. The role of the
Hamaker constant, which controls the van der Waals interaction intensity, was also investigated. We have found
that the ratio between grafting and Hamaker constant governs the level of nanoparticle agglomeration.
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I. INTRODUCTION

Magnetic fluids (ferrofluids) are colloidal dispersions of
magnetic nanoparticles, whose biomedical applications have
been the subject of a great variety of studies [1-3]. When
directly exposed to oxygen, magnetite nanoparticles may
undergo degradation, resulting in the alteration of their mag-
netic properties. Additionally, like any other colloidal sus-
pension, magnetic nanoparticles may form large agglomer-
ates that eventually flocculate. In order to avoid both
degradation and excessive aggregation, which could destroy
the stability of the magnetic fluid, the nanoparticles are usu-
ally coated by a neutral surfactant layer (surfacted magnetic
fluids) or an ionic layer (ionic magnetic fluids). In surfactant-
stabilized ferrofluids, the stability of the suspension is pro-
vided by the steric hindrance of the surfactant molecules that
counteracts the dipolar and van der Waals attraction among
the magnetic nanoparticles, producing a dispersion of the
particles with randomly oriented magnetic moments [4]. Am-
phiphilic molecules, such as oleic acid and aerosol sodium
di-2 ethylhexyl-sulfosuccinate, are examples of surfactant
agents that produce steric repulsions. Ionic surfactants such
as tetramethylammonium hydroxide can be used as a surfac-
tant that produces electrostatic repulsion in an aqueous me-
dium.

Besides their importance in colloidal stability, surfactant
effects play a key issue in the further functionalization of the
nanoparticle, as the bioactivity is often related to a protein
bounded to the nanoparticle’s coating layer [3]. In this sense,
the interaction of the nanoparticle’s coating with the protein
or antigen that will be used in order to achieve its bioactivity
is crucial in its design. In order to allow a better understand-
ing of the further functionalization of the stabilized coated
nanoparticle, the surfacting process must be understood. In-
deed, recently our group has dedicated great efforts in the
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experimental understanding of the grafting process of the
nanoparticle first molecular layer [5-7], with a view to con-
tribute to the effectiveness of binding specific biomolecules
in the final stages of the synthesis of biocompatible magnetic
fluids. However, the development of a given protocol with
all production steps (from the synthesis to the functional-
ization of drugs) of a nanoparticle can be very expensive
and time-consuming. Computer simulations, on the other
hand, can be easily repeated with different parameters and
can thus be an useful tool in testing novel designs and po-
tential functionalization surfactants. As the size of usual
nanoparticles is around 10 nm, quantum chemistry calcula-
tions are not within the capability of available computers.
An interesting alternative for accessing the properties of such
systems are Monte Carlo simulations.

Monte Carlo simulations of magnetic fluids are not new
[8]. Indeed, in 1982, bidimensional simulations of magnetic
fluids were already performed [9], using a simple model,
which does not take into account van der Waals interactions
and which has been used until recent years [10]. The evolu-
tion of this kind of simulation included extensions to tridi-
mensional systems [11-13], cluster moving algorithms
[12,14], and the addition of new potential terms, such as the
van der Waals [15] and the Lennard-Jones potentials [16].
However, in most cases, including very recent publications
[17-19], usually no direct comparison between Monte Carlo
simulations and experimental data is done. In fact, in the
majority of these works only dipolar interactions are consid-
ered [20]. One exception is the interesting paper by Kruse er
al. [15] where small-angle x-ray scattering (SAXS) data [21]
were compared with Monte Carlo simulations. In this paper
van der Waals and dipole-dipole interactions and a simplified
version of the steric repulsion were taken into account.

Previous Monte Carlo simulations of magnetic
fluids suggested that nanoparticles tend to agglomerate
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[9,10,12,14-16,22]. In some of these simulations, the forma-
tion of long chains is observed when high concentrations of
large nanoparticles are considered [9,10,22] and a strong ex-
ternal magnetic field is applied [9,22]. The formation of long
magnetic nanoparticles chains was first suggested by de
Gennes and Pincus [23]. However, long chains were never
clearly identified in experimental measurements. Indeed, ex-
perimental investigations on magnetic fluids detected only
the formation of small agglomerates [21,24-26], typically
formed by two to four nanoparticles. This was further con-
firmed by a size-bidisperse model [27], heterophase fluctua-
tions [28], and chain formation model with modified mean-
field-theory [29] based simulations.

Our aim in this work is to present a more complete Monte
Carlo simulation of real magnetic fluids in order to allow a
better prediction of their properties, helping to concentrate
the experimental efforts in the most promising systems. For
doing so, our model includes magnetic, van der Waals, and
Zeeman magnetic interactions. In addition, as in our simula-
tions we are also interested in aspects closely related to the
interactions between surfactant layers, the steric repulsion
between adsorbed molecules was also included following the
model of Mackor [30,31]. We should stress that this contri-
bution was only correctly taken into account by Chantrell et
al. [9], who performed two-dimensional Monte Carlo simu-
lations of monodisperse magnetic fluids. However, the au-
thors did not include the van der Waals interaction term. In
the present work we consider three-dimensional polydisperse
magnetic fluids including all the interaction terms. We will
show that, together with van der Waals interaction, the steric
contribution plays a key role in the microstructure of chain
formation of colloids. The present paper is organized as fol-
low: in Sec. II, we describe the magnetic resonance experi-
ment, our model for surfacted magnetic fluids, and a descrip-
tion of the parameters used in our simulations; in Sec. III,
our results are compared to experimental data obtained by
our group in order to validate the methodology, from which
we estimated the value and the concentration dependence of
the density of surfactant molecules of isolated nanoparticles
and agglomerates; in addition, the influence of the Hamaker
constant (A) is considered. A systematic comparison of all
calculated properties is done considering different values of
A. Our simulations suggest that the relation between grafting
and the Hamaker constant governs agglomeration when other
parameters are kept fixed, at least when the values of A are in
the range considered in the present work.

II. METHOD
A. Experiment

The electron magnetic resonance (EMR) technique has
been widely used to investigate the magnetic properties of
nanorods [32], biomimetic nanoparticles [33], nanocompos-
ites [34,35], and magnetic fluids [36-38]. The latter are the
focus of the present article. EMR spectra were taken at room
temperature using a commercial Bruker ESP300 cw spec-
trometer tuned around 9.4 GHz. From EMR analysis it was
possible to extract information about the surface-surface par-
ticle’s distance of nanoparticles forming small agglomerates
[38,39] or the fraction of monomers (isolated nanoparticles)
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and agglomerates in the magnetic fluid as a function of the
nanoparticle’s concentration. The information obtained from
the EMR analysis would be then compared with our Monte
Carlo simulations. Note that a previous EMR analysis has
been published before in Ref. [39], but the present results
considered not only a wider particle concentration range, but
also investigated the fraction of agglomerates as discussed
later in the text. The magnetite nanoparticles were obtained
by chemical precipitation of a mixture of iron (IT) and iron
(TIT) ions in an alkaline aqueous medium. Peptization and
stabilization of the magnetic precipitate were performed by
surface coating the magnetite nanoparticles with dodecanoic
acid and stably dispersing them in hydrocarbon following a
well-established method from the literature [40].

B. Monte Carlo simulation

Monte Carlo is a label used to designate stochastic meth-
ods for solving mathematical problems. Systems that follow
the Boltzmann energy distribution can be simulated by
means of the Metropolis algorithm [41], which starts from a
random configuration of the system and performs successive
small variations in all its coordinates. The procedure is as
follows: (a) For each variation, the change AE in energy is
calculated. (b) If the value of the new potential energy is
lower than the previous one, the new configuration is ac-
cepted. (c) If it is higher, a random number between 0 and 1
is generated and compared with the factor e™*¥*5”, The new
configuration is accepted only if the random number is lower
than this factor. Steps (a)—(c) are then repeated, and after a
period of energy stabilization, the average value of the prop-
erties of interest are computed over all accepted configura-
tions. This procedure guarantees that the accepted configura-
tions follow the Boltzmann energy distribution ke 2F/ks”
(where k is a normalization constant), and therefore the cal-
culated average values represent the most probable values for
the respective properties. For the magnetic fluid system
simulated in this work, a configuration is determined by the
positions of the nanoparticles and the orientations of its mag-
netic dipole moments. Therefore, in each iteration of the
Metropolis algorithm, both the positions and the orientations
of the magnetic dipole moments of all considered nanopar-
ticles experience a random change.

In our model, each nanoparticle is considered as a perfect
sphere [8], consisting of a rigid magnetic core and a softlike
coating layer that reacts to the presence of other nanopar-
ticles in the system by means of the following interactions:
(a) magnetic, with punctual dipoles centered in each sphere;
(b) van der Waals, which consists of attraction between in-
stantaneous electric dipoles resulting of fluctuations and
other electric dipoles induced by the first ones; (c) steric
repulsion, which appears when the surfactant layers of two
nanoparticles are placed in contact. In addition, the (d) Zee-
man magnetic interaction of each magnetic dipole moment
with an external applied magnetic field is also considered.

In order to perform the Metropolis algorithm, it is neces-
sary to explicitly define expressions for these potential ener-
gies associated with these interactions. For two nanoparticles
with indices i and j, the potential energy associated with the
magnetic dipole interaction can be written as
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where u is the magnetic permeability of the solvent, m; and
m; are the magnetic dipole moment vectors of the particles i
and j, respectively, and r is the modulus of 7;;, which repre-
sents the position of 7 in relation to j. The energy associated

with the van der Waals interaction is defined as [42]
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where A is the Hamaker constant and D;; is the average
diameter for nanoparticles i and j. The energy associated

with the steric repulsion is given by [30,31]
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where ¢ is the so-called “grafting”—i.e., the surface density
of adsorbed molecules in the nanoparticles—s is the surface-
surface distance, & is the width of the surfactant layer,
[=25/Dj;, and 1=206/D;;. For a pair of nanoparticles with
10 nm in diameter, at a temperature of 300 K, considering
the head-to-tail configuration, this potential falls from 30kzT
to 0 in the range s=0-24. The Zeeman interaction between
each magnetic dipole moment and the magnetic field is rep-
resented by

Ug(i)=— ;- B. (4)

In order to avoid the transient region, convergence tests
are made after a minimum of 300 000 iterations in a given
simulation are disregarded. Average values are calculated
only after the total energy does not decrease by more than
10% for 5000 consecutive accepted configurations. After the
convergence criteria is reached, the averages are computed
considering at least 100 000 sampling iterations and a new
convergence test is performed: if the total energy of the ac-
cepted configurations does not decrease by more than 1%,
the simulation stops. We have followed a large number of
simulations where both convergence criteria were reached
when 300 000 thermalization iterations and 100 000 sam-
pling iterations were performed.

C. Description of the nanoparticles

In this work, we focus on the properties of nanoparticles
with magnetite (Fe;O4) cores and with dodecanoic acid
(C,H,40,) as surfactant agent, dispersed in a hydrocarbon
solvent (C,H,,). This system was characterized by our group
using several techniques [39,43]. From previous EMR ex-
perimental measurements, it was possible to extract the frac-
tion of monomers [43] and the surface-surface distance of
nanoparticles forming agglomerates [39]. Different nanopar-
ticles concentrations were experimentally obtained through
evaporation or dilution of the solvent, while different surfac-
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tant coverages (grafting) can be achieved changing the sur-
factant agent concentration during the nanoparticle’s synthe-
sis. Therefore, in our simulations a systematic investigation
of all these quantities is performed in order to allow a
direct comparison between theory and experiment. Special
attention is dedicated to the grafting, as any further
functionalization and hence the biological activity will be
directly influenced by these quantity. The grafting (&) is
defined as the surface density of molecules adsorbed on
the nanoparticle. In order to perform a systematic study of
the grafting influence in the system’s properties, we
have considered a large range of grafting values: from
1 X 10'® molecules/m? to 1 X 10" molecules/m?>. The value
of the Hamaker constant (A) was initially fixed in
410720 J. This is slightly below the 5X 1072° J assumed by
Kruse et al. [15] after observing nonconvergence of the po-
tential energy for higher values of this constant. From a
simple geometric method, based on molecular orbitals, the
thickness of the dodecanoic acid surfactant layer was calcu-
lated to be 1.2 nm. This is consistent with the estimated
value of 0.8 nm by Bonini and co-workers [4] via small-
angle scattering of polarized neutrons and so will be kept
fixed throughout this work. The considered external mag-
netic field was in the range 0 to 0.3 T, as this last value was
found [39,43] to be of the order of the magnetic resonance
field.

A dodecanoic acid molecule is composed of a
(=0—O0H) polar head and an hydrocarbon apolar tail. Ra-
man spectroscopy results [6,7] show that dodecanoic acid
molecules adsorb on magnetite-based nanoparticle surfaces
when dispersed in hydrocarbon, but the effective hydroxyl
grafting coefficient for this system is much smaller than the
observed for other surfactant molecules [7], suggesting that
they could desorb, depending on the circumstances. In an
isolated nanoparticle, the more stable configuration is char-
acterized by the attachment of the polar heads of the dode-
canoic acid molecules to the surfaces of the nanoparticles,
while the apolar tails remain in contact with the hydrocarbon
solvent. When agglomerates are formed, the situation is more
complex, as the surfactant layers are superimposed. In this
situation, the attachment of the molecules on the surface
might be no longer favorable resulting in their desorption.

The particle size polydispersity profile of the sample was
obtained from transmission electron microscopy (TEM) mi-
crographs using a Jeol 100CXII system. From the electron
microscopy data, we obtained a modal diameter of 8.9 nm
and a diameter dispersity of 0.34, using a log-normal distri-
bution function to fit the TEM data [39]. As polydispersity
has an influence on the properties of the ferrofluid, in par-
ticular also on the equilibrium magnetization [8], in our
simulations the nanoparticle’s diameters also follow a log-
normal distribution [39], whose probability density is

2
exp(_ 20—2) In (D/Dfmwc)
0g norma (D) = exXp\ — P (5)
fi g [ Dfmma'\’/_ZW p 202

where D is the diameter variable, o is dispersion parameter
(the higher o is, the more dispersed the diameters are), and
Dy is the modal diameter—i.e., the most probable diam-
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FIG. 1. (Color online) Histogram built using an ensemble of 200
nanoparticle’s diameters obtained following the procedure de-
scribed on Ref. [44]. The log-normal function, represented by a
solid red (gray) line, is multiplied by a scale factor which provided
the best adjustment to the points. The number of histogram bars and
their width are arbitrary and merely illustrative, as long as, actually,
a different set of 200 different diameters was generated for each
simulation.

eter. In the simulations, this distribution was obtained via a
Metropolis-like algorithm as previously reported [44]. Figure
1 shows a histogram built using 200 diameters generated by
this algorithm and a comparison with a log-normal curve
with Dfmax=8’9 nm and 0=0.34. Good agreement between
our calculated diameter distribution and the log-normal func-
tion is clearly seen here.

III. RESULTS AND DISCUSSION

The main aspect of magnetic fluids that makes them in-
teresting for applications is their response to external mag-
netic fields. In this sense, magnetization curves (magnetiza-
tion versus magnetic field) are excellent candidates for the
first test of our simulation procedure. As the average proper-
ties might be influenced by the number of nanoparticles con-
sidered in each simulation, we have also used the magneti-
zation curves to establish this number by plotting the curves
for different numbers of particles. The magnetization (M) of
the system is calculated by summing up the magnetic-dipole
moment components in the direction of the external mag-
netic field and dividing it by the sample volume. A way of
making magnetization calculations independent of concen-
tration is calculating the reduced magnetization (M,,;)—i.e.,
the magnetization of the system divided by the saturation
magnetization—corresponding to the case where all the
magnetic-dipole moment vectors are completely aligned with
the external magnetic field and can be calculated as the vol-
ume fraction (¢, volume occupied by nanoparticles divided
by the total sample volume) times the bulk magnetization of
the nanoparticles, in this case the magnetization of the mag-
netite, so Mm,=¢MFego4. In Fig. 2 we present magnetization
curves for samples with two different diameter dispersions
(0=0.11 and 0=0.34), modal diameter Dy =89 nm, and
volume fraction ¢=0.0029. Our simulations indicate that
M, (=M/M,,) does not change considerably for the three
numbers of particles used: namely, N=120, 200, and 500. In
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FIG. 2. (Color online) Reduced magnetization curves for the
simulated magnetic fluid, considering a concentration (in volume
fraction) ¢=0.0029. The dashed line is the generalized Langevin
curve for 0=0.34, and the dotted one is for 0=0.11. The solid and
open symbols are the corresponding simulations for different num-
ber of particles: circles for N=120, squares for N=200, and dia-
monds for N=500.

order to save computational resources, we have chosen
N=200 for all the subsequent simulations, following other
studies where similar values of N where chosen [10,45]. For
smaller magnetic fields, the results of our simulations are
slightly below the calculated polydisperse Langevin curves
(presented as dashed and dotted lines), which describe the
limit in which the particles do not interact with each other. A
similar underestimation of the magnetization was observed
by Krist6f and Szalai [16]. This behavior is a result of the
discretization of the log-normal curve, as recently suggested
by Ivanov and co-workers [46]. They showed that this devia-
tion can be reduced by improving the discretization. In the
present case, due to the stochastic aspect of our discretiza-
tion, this could be done simply by increasing the number of
nanoparticles. However, considering that our main goal is the
analysis of the system in the high-magnetic-field regime
(0.3 T), where such deviations are very small, we have kept
the number of nanoparticles fixed as 200 throughout our
simulations in order to make them feasible. Therefore it is
fair to say that our model yields the expected magnetization
behavior in the high-magnetic-field regime. Finally, the fluc-
tuation observed in all curves involving quantities of interest
are small enough to allow us to focus on systematic varia-
tions.

Having obtained good agreement between the simulations
and the theoretical results, the next step of our study was to
compare the results of the simulations with experimental
data. These data include the fraction of monomers F,,,,—i.e.,
the fraction of particles that remain isolated—and the mean
surface-surface distance Dy, in pairs of “bonded” nano-
particles, where bonded was defined as “with the surfactant
layers in contact” (0<<s5<246), and are discussed below.

Figure 3 shows the magnetic resonance spectrum for dif-
ferent nanoparticle concentrations of the magnetic fluid using
an X band tuned around 9.4 GHz. Note that for the lower-
concentration sample we observed another line at the low-
field range due to the presence of paramagnetic impurities in
the capillary used to hold the sample. Open circles represent
the experimental data, whereas the thicker solid line is the
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FIG. 3. (Color online) Magnetic resonance spectrum of the con-
sidered magnetic fluids with different volume fractions. The solid

lines (Gy, Go, Ly, L,, and L3) represent several contributions to the
spectra obtained from the best fit of the experimental data.

best fit using five components. The resonance components
are Gaussian (G1 and G2) and Lorentzian (L1, L2, and L3)
curves. The L3 component was attributed to the free-electron
resonance as confirmed from the resonance field position,
whereas the analysis of the others MR features showed con-
tribution due to magnetic centers located in small agglomer-
ates as will be discussed in the text. From our previous
works [39,43] we were able to conclude that the contribu-
tions L1 and G2 most likely represent isolated particles
(monomers), whereas the lines L2 and G1 are related to
strongly and intermediary coupled small agglomerates. As
the area is proportional to the density of magnetic centers in
the magnetic structure, from its analysis we have obtained
information about the fraction of monomers or agglomerates
in the magnetic fluid sample. Figure 4 presents the fraction
of monomers (purple stars) and agglomerates (green dia-
monds) obtained from this analysis, as well as simulated data
discussed below. The experimental results in Fig. 4 clearly
suggests that in the low-concentration regime the magnetic
fluid consists mostly of monomers, while when the concen-
tration increases the formation of small agglomerates is more
likely to occur. The low occurrence of agglomerates and the
prevalence of dimers in typical ferrofluid concentrations
agree with the observations of other authors [24-26].
Recently Chen and co-workers [47] have found that the
surface density of adsorbed molecules (grafting) on typical
magnetic fluids is of the order of 10'® molecules/m?. There-
fore, we have used this typical value in order to obtain the
fraction of monomers (black squares), fraction of dimers (red
triangles), and fraction of agglomerates (blue circle) pre-
sented on Fig. 4. Note that while for the simulation agglom-
erate stands for systems composed by more than three nano-
particles, in the experimental analysis it is not possible to
distinguish between dimers, trimers, tetramers, etc. Although
the simulated and experimental numerical values are not
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FIG. 4. (Color online) Comparison of simulated and experimen-
tal data for the fraction of monomers (mon), dimers, and agglom-
erates (aggl.) as a function of the particle volume fraction. Agglom-
erates include dimers in both cases, although dimers are also
presented in an additional curve for the simulation data. The arrows
indicate data points discussed in the text.

identical, the curve profiles clearly present a very similar
behavior, exception made to the experimental values ob-
tained below a particle volume fraction of 0.000 34. Experi-
mentally, for the two lowest particle concentrations a de-
crease of the fraction of monomers when the particle
concentration decreases is observed. The region where this
behavior occurs is represented in Fig. 4 by arrows. This re-
sult might be explained if we consider that a magnetic fluid
can become unstable also in the low-concentration regime.
Such behavior might be understood as a consequence of a
decrease of the surfactant grafting at lower nanoparticle con-
centrations, probably due to the lower probability of a sur-
factant molecule to adsorb on a nanoparticle’s surface. We
believe that the decrease on the surfactant grafting is associ-
ated with a rupture of the dynamic equilibrium of the adsorp-
tion and desorption process on a given nanoparticle, caused
by a high dilution of the system. A similar effect was experi-
mentally observed through the analysis of the magnetic bire-
fringence of magnetic fluids by ElGi et al. [49]. Tt is also
interesting to note that while the fraction of monomers con-
tinuously decrease with increasing concentration, the fraction
of agglomerates are mainly due to dimers until a critical
concentration range (around 1%). Above this limit, other
types of agglomerates start to play a key role. It is well
known that the origin of magnetic birefringence in magnetic
fluids can be attributed to small agglomerates at this concen-
tration range [24,25,50-52]. Our simulations agrees with this
picture, and it is clear from Fig. 4 that there is a concentra-
tion range where most of the agglomerates consist of dimers.

In the next step of our study we compare the simulated
and experimentally estimated values of the surface-surface
particle distance (Dy,,1.q,). In order to allow a better under-
standing of how D, Within an agglomerate is obtained,
we briefly discuss the electron magnetic resonance field
analysis. The resonance field (H,) condition of interacting
spherical nanoparticles is given by [38,39]
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TABLE I. Comparison of the simulated (Theory) and experi-
mentally estimated (Expt.) values of the surface-surface particle
distance (D yyf.g¢). All values are in nanometers (nm).

Volume fraction Theory Expt.

0.00034 2.29 4.6-6.3
0.0059 2.28 1.5-39
0.0088 2.28 1.6-4.1
0.064 2.29 2.1-5.1
0.073 2.28 2.1-5.3
0.1 2.29 1.2-4.6
0.15 2.28 1.7-4.1
0.19 2.28 1.9-43

w
Hr(¢)=/—__Hk_Hint(¢)’ (6)
W1+ a

where w, v, «, Hy, and H,, are the microwave frequency,
gyromagnetic ratio, damping factor, magnetic anisotropy
field, and interaction field, respectively. Note that increasing
the particle concentration one expects a decrease of the reso-
nance field due, primarily, to the dipolar field produced by
neighboring nanoparticles. In fact, this behavior was already
observed in our samples [39]. Indeed, remembering that the
resonance field occurs at relatively high-field values, one can
easily calculate the field due to a point dipole, Hgi?:%’f,
where u is the nanoparticle magnetic moment and r the
center-to-center particle distance. Under this condition the
dipole-dipole interaction always decreases the magnetic reso-
nance field increasing the particle concentration. Since we
had measured samples with different nanoparticles concen-
trations, we were able to find out by data extrapolation the
resonance field at ¢=0. Therefore, it is straightforward to
show that H,(¢$=0)-H,(¢p)=H,,. From this value one can
easily calculate the particle-particle distance using

( ’7TMS >1/3
=P\ =0 - m1)

with D the mean particle diameter. In Table I, we present a
comparison of the simulated and experimentally estimated
values of the surface-surface particle distance between
“bonded” nanoparticle pairs (D). We have considered
M =471 G. While the theoretical value remains constant,
the experimentally estimated values are distributed in a large
range. A constant value for Dy, Was not expected, since
experimental data [53] clearly indicate a decrease of D, . s
with increasing volume fraction. As all other comparisons
between experimental and simulated data suggest that the
grafting might play a decisively role in the magnetic fluid’s
properties, we decide to check out if this is indeed the case.

In order to identify the role of grafting on the surface-
surface particle distance (Dy,1.qp) and on the monomer
distribution (F,,,,), we have performed a systematic study
where a large range of grafting (£€) values are considered:
from 1 X 10'® molecules/m? to 1 X 10' molecules/m?. Fig-
ures 5 and 6 present, respectively, Dy, rq, and F,,, as

(7)
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FIG. 5. (Color online) Surface-surface particle distance

(Dgyypsurp) as a function of the grafting (§). The expression
D yrf-sur(€) =X+ W tanh(Y ) was used to fit the curves. The legends
show the concentrations, expressed as volume fractions, and the
symbols or lines used for the correspondent simulation points.

a function of ¢ for different concentrations. Each curve is
fitted with the empirical expression F(&€)=X+W tanh(Y§),
where X, W, and Y are the adjusted parameters. In both
graphs, the curves vary more significantly in the range
(1X10')—(1x10'%) molecules/m? and remains practically
constant beyond these limits.

As discussed previously, the number of nanoparticles
(200) is kept fixed in all simulations and the box side is
changed in order to obtain a given concentration. As the box
side is considerably different when limit values (low and
high concentrations) are compared, we have decided to
check out the influence of the number of nanoparticles con-
sidered in the studied properties. For doing so, we have cho-
sen a new constraint, not in the number of nanoparticles, but
in the minimum side of the considered boxes: 150 nm. In
this scheme, when the number of nanoparticles is increased,
the box side is adjusted (with the 150 nm constraint) in order
to obtain a given concentration. No noticeable variations on
the considered properties are observed when the new set of

[ e———mmEar = G € oo
| P s 4
L R v -
. 0.8 g 2
S L S x x-
g .
§0.6—
R PSS
§0417- v o 0.00034
‘g ¢ 0.064
i3 - A 0.073 ]
0.2 — v 0.1 |
2 " x 0.15
L * 0.19 J
| | | |
00.01 0.1 1 10

Grafting (10 ! 8molecules/mz)

FIG. 6. (Color online) Fraction of monomers (F,,,,) as a func-
tion of the grafting (£). The expression F,,,,(&)=X+W tanh(Y¢)
was used to fit the curves. The legends show the concentrations,
expressed as volume fractions, and the symbols or lines used for the
correspondent simulation points.
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TABLE II. Experimentally estimated range for Dy,,.s> calcu-
lated in various volume fractions, and the values of & for which the
adjusted curves present the medium value of the range. This value
was identified as the grafting of the agglomerated particles, &;qg7-

PHYSICAL REVIEW E 78, 061507 (2008)

TABLE III. Experimentally estimated range for F,,,,, calculated
in various volume fractions, and the values of & for which the ad-
justed curves present the medium value of the range. This value was
identified as the grafting of the agglomerated particles, &,,,,.

Volume fraction Df;’r’; surf (nm) £ (10'® molecules/m?) Volume fraction Fomt £ (10'® molecules/m?)
0.0059 1.54 0.304 0.00034 0.985 0.050
0.0088 1.62 0.317 0.0059 0.719
0.064 2.12 0.535 0.0088 0.763
0.073 2.11 0.537 0.064 0.589 0.225
0.1 1.20 0.121 0.073 0.685 0.541
0.15 1.72 0.309 0.1 0.581 0.485
0.19 1.86 0.401 0.15 0.671 1.559
0.19 0.640 2.076
0.26 0.613

simulations are compared with the previous ones. For the
reduced magnetization, for example, increasing the number
of particles from 200 to 500 and later to 800 did not change
the calculated values by more than 1%. In a similar manner,
increasing N (from 200 to 500 and later to 800) did not
change the calculated fraction of monomers and the surface-
surface particle distance (D) by more than 2% and 5%,
respectively.

Using the adjusted curves, we made a comparison be-
tween experimental and simulation data in the following
way: for each concentration, the value of ¢ for which the
experimental and simulated values of F(&) are coincident is
obtained. Surprisingly, the observed behavior is totally
different depending on whether we used F=D,, ., or
F=F,,,,—i.e., the adjusted curves for the fraction of mono-
mers or those for the surface-surface distance. When F,,,, is
used, the grafting increases with increasing concentration,
but for Dyt e.p the behavior is more complex. This is
shown in Tables II and III. Figure 7 shows the grafting as a
function of the nanoparticle concentration extracted from
these tables. This behavior can be understood if we consider
that F,,,, is mainly associated with the monomers, while
Dgrf.urs 1 associated only with the agglomerated particles.
In this sense, the crescent line can be associated with the
grafting of the monomers (£,,,) and the other one with the
grafting of the agglomerated nanoparticles (&,,,,).

Recently Chen et al. [47] used the Langmuir model to
explain the grafting behavior of surfacted magnetic fluids.
Note that the surfactant grafting is in fact a dynamic equilib-
rium situation between the surface desorption and adsorption
processes of the molecular specie, which can be described by

kﬂ(
Cliquid + Nsmjfuce]? C:Nadmrbed' (8)
B

This equation represents the dynamical adsorption process of
a given coating molecule (C) on the nanoparticle surface (N)
with a given set of adsorption (k,) and desorption (kp) rate
constants. Following the so-called Langmuir kinetics model
[54], the rate of adsorption (k,) is proportional to the con-
centration of surfactant (which in our case is proportional to
the coated nanoparticle volume fraction ¢) and the number
of available adsorption sites, while the desorption rate (kg) is

proportional to the number of adsorbed molecules. It is not
difficult to show that the grafting number ¢ according to the
Langmuir model is given by [55]

ke

&= énaxm, )

where k:];—:. According to this model, the higher the particle
volume fraction, the higher the grafting value. This is in
qualitative agreement with our results for isolated nanopar-
ticles. The solid line in Fig. 7 is the best fit according to the
Langmuir model, where we have used the value of &,
=10.0 X 10'® molecules/m? obtained from the literature [47],
and only one parameter was used to fit the data. From the
best fit we found k,,,,omers=1.06 =0.17, in qualitative agree-
ment with the experimental data.

It is important to have in mind that this high value of §,,,,
is a high-package maximum, corresponding to eight mol-
ecules adsorbed on a face of the magnetite spinel unit cell,
considering a lattice parameter of 0.84 nm. Such a high
grafting can only be achieved through a physisorption

2.4 T T T T

20+

1.6

12p VOBSESEES
@® monomers

A agglomerates -
—— Langmuir model

0.8

Grafting (10'® molecules/m?)

04t

0.00 0.05 0.10 0.15 0.20

Particle volume fraction

FIG. 7. (Color online) Grafting as a function of the particle
volume fraction (¢). The solid (dashed) lines are obtained consid-
ering &,,,=10.0X 10" (3.5 10'®) molecules/m? In the inset, the
adsorption rate (k,) is presented as a function of the particle volume
fraction considering an interaction parameter €=3.95.
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mechanism, when van der Waals bonds, which are not asso-
ciated with specific sites, might play an important role. This
view is consistent with the experimental analysis of Ref.
[47], where the chemisorption mechanism was found to be
more likely to be observed for low surfactant concentrations.
As the surfactant concentration increases, the relevance of
the physisorption is more significative. Another possibility
which seems more likely is the chemisorption on one or
more types of crystallographic surface sites. In that case, the
local density of sites on a point on a nanoparticle surface
depends on the local surface orientation relative to
the preferential crystallographic direction. In principle,
considering a surface deep of few angstroms, many
sites are available for adsorption on each unit cell face.
Klokkenburg et al. [48] measured graftings from
2 molecules/nm? to 3.5 molecules/nm?, corresponding to
1.4-2.5 adsorbed molecules per unit cell. So we have fitted
our data again considering a grafting of 3.5 molecules/nm?.
The dashed lines in Fig. 7 show the best fit in this case. We
found that k changes from 1.06=0.17 to 3.85=*1.05. The
analysis of the statistical errors of the fitting parameters in-
dicates that the fitting of the grafting of monomers is worst
than obtained previously, and this is clearly seen by the in-
spection of Fig. 7. Although the result for the grafting of the
monomers (dotted line) is not as good as our previous analy-
sis (solid line), the model is obviously still valid.

It is clear that this model should be improved if the aim is
to get a better quantitative agreement. Indeed, this quantita-
tive error was already expected since the Langmuir model is
based in several assumptions which the present system does
not obey: the nanoparticle surface is certainly not flat, and
the adsorption of the surfactant on a given site might also
depends on the occupation of neighboring sites.

The particular behavior of the nanoparticles forming ag-
glomerates can also be explained using the same model, but
now noticing that kg pmerares Should also depend on the par-
ticle volume fraction. This is because k depends on the num-
ber of available adsorption sites on the nanoparticle’s sur-
face. When two nanoparticles form agglomerates, the contact
region represents a region where there are no available ad-
sorption sites. One might also expect entanglement effects
due to the interactions between the surfactant molecules [31].
The combination of those effects increases the number of
surfactant molecules not adsorbed on a nanoparticle’s sur-
face, which again influences the grafting behavior. Nonad-
sorbed surfactant molecules might migrate to available sur-
face sites on the nanoparticle’s surface. In order to analyze
the grafting behavior of nanoparticles forming agglomerates,
we need first to estimate the mean size of agglomerates in
our sample. This was done following the Zubarev-Iskakova
model [56] on the zero-field condition:

1+ 2¢e® =1 +4pe®
~ . 2 pe®
0=ge 1+2¢ef —\1+4¢pe® | (10
2 e’

’112<D3)

with e=—"= the interaction parameter and (D)
= DgP(D)dD Considering the model; particle size as
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8.9 nm and a size dispersion of (.34, the interaction param-
eter was found to be 3.95. Using the fact that the number of
available adsorption sites on agglomerates changes due to
prohibited regions (i.e., regions where there are no available
adsorption sites due to agglomeration), it is possible to esti-
mate kagglomemtes as _

k Q - !

Q

where Ox represents the percentage of prohibited adsorption
sites due to agglomerate formation. The inset of Fig. 7 shows
the calculated k,gq/omerares USing the Zubarev-Iskakova model
for the mean agglomerate size considering different ox val-
ues (for the zero-field condition and k,,,,=1.06). If &x is
equal to zero (i.e., in the absence of entanglement effects or
excluded adsorption sites), k,geiomerates 1 €qUal t0 Kyopomers aS
expected. However, if dx is different from zero, Kuggiomerates

agglomerates

= kmonamers( - 5)6) ’ (l 1)

decreases, increasing the particle volume fraction. Q is also a
function of the magnetic field [56], which enhances the be-
havior discussed above. Indeed, comparison between experi-
mental results and theoretical models from the literature
shows only a qualitative agreement [52] between the theoret-
ical models and the experimental mean agglomerate size.
Therefore we used the following phenomenological expres-
ston: kagglomemtes = kirlonomerse_a¢~ (12)
The solid (dashed) lines in Fig. 7 represent the best fit con-
sidering £,,,,=10.0X 10" (3.5 X 10'®) molecules/m?, main-
taining the other parameters considered for the monomers
and allowing « (a') to be fitted. With this set of parameters,
we have found @=9.5+2.2 (10.8 = 1.05). In both cases, iso-
lated and agglomerates, the grafting concentration depen-
dence has been satisfactory explained, although we used a
very simple model in the analysis of our data. Indeed, our
grafting values are also of the same order of those reported in
the literature [47,48]. It is worthy pointing out that it was not
possible to obtain a corresponding value of ¢ for all volume
fraction values on Tables II and III. This is because there
were curves from the simulations whose obtained range of &
did not include the available experimental values. This can
be explained by realizing that our simulations make use of a
very simplified model, which does not include hydrodynamic
effects and depletion forces, as well as microscopic details of
the nanoparticles. However, the qualitative behavior ob-
served in those tables is coherent with what is expected from
surfactant molecules.

It is well established that as concentration increases (dur-
ing solvent evaporation process, for example), the level of
agglomeration also increases. From our previous analysis, it
is clear that the more agglomerated the particles are, the
fewer adsorption sites are available to the surfactant mol-
ecules. In this sense, at higher concentrations, these mol-
ecules are more likely to desorb from an agglomerate system
(especially due to the presence of prohibited adsorption sites)
and migrate and adsorb on isolated adsorption sites. In other
words, two distinct mechanisms are possible for desorbed
molecules: they can attach to their original agglomerate, but
away from the contact area, or they can attach to isolate
nanoparticles. The comparison between our experimental re-
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FIG. 8. When a pair of nanoparticles get close enough to put
their surfactant layers in contact, the adsorbed molecules are taken
out of their previous stability and tend to desorb from the surfaces
of the nanoparticles. As the polar heads of the dissociated molecules
are repelled by the apolar solvent, these molecules are more likely
to adsorb on available adsorption sites of isolated particles or on the
surface of the agglomerated particles. In the latter the adsorption
will occur only on available adsorption sites far from the regions
where the surfactant layers are in contact.

sults and the Monte Carlo simulations for the present sample
suggests that, at least for high particle volume fraction, the
latter is more likely to be observed. This whole situation is
illustrated in Fig. 8. Note that our results clearly suggest that,
at a certain concentration range, colloids might become
stable even in the presence of agglomerates. This could hap-
pen if the agglomerated nanoparticle’s surfaces are as effi-
ciently coated as the isolated nanoparticles and if the number
of particles in an agglomerate is not high enough. This result
should not apply only to the magnetic colloids considered in
the present work, but can be generalized for several types of
colloids.

The dependence of D, on & (Fig. 5) shows another
interesting behavior: at higher graftings, all curves converge
to the same value, while at lower graftings, they appear
to be concentration dependent. The fact that D, s
does not vary consistently when the grafting is below
1 X 10" molecules/m? indicates that the steric repulsion is
less relevant in this limit and attractive interactions (mag-
netic and van der Waals) dominate. It is also interesting to
note that for low grafting, the nanoparticles get closer at
lower concentrations. This can be understood if we realize
that the particles of a dimer can approximate more if there
are not other particles in the vicinity pulling them. The closer
are the other particles, the greater is the tendency of the
nanoparticles of the pair to separate. A similar behavior was
observed experimentally by El6i and co-workers [49]. At the
high grafting limit, the steric repulsion is very high and the
particles of each pair keep so separated that the attractive
interaction are not relevant enough to cause this effect.

Finally it is important to discuss a little bit further the
influence of the Hamaker constant. Following the Lifshitz
theory [57-59], the Hamaker constant for two macroscopic
bodies made of a material « interacting in a medium S can
be described, in the nonretarded limit, in terms of macro-
scopic quantities relative to these media:

4 EatEp 16v2 (72 + 77%,)3/2

(13)

where the &’s are the electric permittivities, the #’s are the
indexes of refraction, / is the Planck constant, and v, is the
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TABLE 1V. Constants used to estimate the Hamaker constant
following the Lifshitz theory [57-59]. ¢ is the electric permittivity
and 7 the index of refraction.

Constant Value Reference
€Fe,0, 5.9 [60]
e 0, 2.4 [60]
ecH, 1.3 [60]
7cH, 1.4 [57]
£C,H,,0, 2.7 [60]
7IC |,H,40, 1.4 [60]
v, (typical) 3% 10" Hz [57]
v, (magnetite) 0.3%X 10" Hz [63]

main absorption frequency, considered the same for both ma-
terials. This description is possible as the electric polarizabil-
ity, which determines van der Waals interactions, is also cor-
related with the electric permittivity & and the index of
refraction, #.

In our surfacted ferrofluid system, material A is effec-
tively composed by the magnetite cores and the dodecanoic
acid surfactant. In the limit of low concentration and low
grafting, the magnetite can be considered as A and the
hydrocarbon as B. In the limit of high concentration and high
grafting, B must be the surfactant, because it surrounds
the nanoparticles instead of the hydrocarbon. Using the
constants in Table IV for the calculation of A and consider-
ing a=Fe;0, (magnetite) and B=C,H,, (hydrocarbon),
we obtain the correspondent Hamaker constant as
Apagneite-hydrocarbon=2-05 % 1071 J using the typical value of
V,. In a similar manner, changing the definition of B to
BEC12H2402 (dodecanoic aCid)’ we get Amagnez‘ite—dodecanoic
=2.04Xx10719 7,

Although our calculations suggest that the surfactant does
not change A considerably, it is important to remember that
the parameters for the dodecanoic acid are related to a liquid
medium, while in our system this molecule is with the polar
heads attached to the nanoparticle’s surface, in a quasisolid
configuration. The higher value of the index of refraction of
magnetite (77g.,0,=2.42) when compared with other 7 values
is mainly responsible for the higher value of the Hamaker
constant obtained in this approach. It is worthy pointing out
that this value is higher then the Hamaker constant usually
considered by many researchers in this field [61,62]
[(0.3-2.3) X 107" J]. A possible reason for this difference
might be the consideration of a different absorption fre-
quency, considered the same for the two media in this model.
According to Tepper and co-workers [63] the maximum ab-
sorption wavelength of magnetite is around 900 nm, which
gives 1,=0.3X 10" Hz, and hence A pagnetite-dodecanoic=2-07
X 1072° J and A pagnetite-hydrocarbon=2-11X 1072 J, one order
of magnitude lower than the values for the typical v, value.

Considering this uncertainty in the theoretical prediction
of A and aiming the access to the role of the Hamaker con-
stant in the properties focused on this work, we have varied
the Hamaker constant value while computing Dy, ,s and
Fon- Figure 9 presents Dy,,r.q,,r as a function of grafting for
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FIG. 9. (Color online) Surface-surface distance in pairs of
bonded nanoparticles (Dyyy.y,p) Versus grafting (§) for different
Hamaker constants (A) and volume fraction (¢). The solid lines
correspond to the adjusted function Dy,.g.rtanh[a(§)]. Black
circles are for A=0X 1072 J, blue (dark gray) squares are for
A=5x10"27, violet (middle-dark gray) diamonds are for
A=10x10"%2J, magenta (middle-light gray) up triangles are for
A=15X10"2J, red (middle-dark gray) left triangles are for
A=20%X10"2J, orange (light gray) down triangles are for
A=25%10"20], and green (middle gray) right triangles are for
A=30%x1072J.

various Hamaker constant and concentration values. The
lines represent adjusted functions D, ., tanh(aé), as dis-
cussed for Fig. 5. It is clear that increasing the Hamaker
constant value has a net effect of displacing the curves to the
right. The observed fluctuations are not large, suggesting that
an increase in the number of nanoparticles or changes in the
convergence criteria will probably not result in substantial
changes in the observed results. Basically the behavior of
Dyyys.5ur as a function of § for various graftings suggests that
the mean agglomerate size increases when the Hamaker con-
stant and the particle volume fraction increase and the graft-
ing number decreases. The F,,,, X & curves (not shown here)
presented a similar behavior. The main difference, for most
nanoparticle concentrations and especially the higher ones, is
the fact that the experimental values of F,,, were not
reached by the curves adjusted to the simulation points cor-
responding to A>0.5X 107" J in the analyzed physically
meaning grafting range of (0—2) X 10'® molecules/m?. This
reinforces the reasonability of the initially chosen Hamaker
constant A=0.4 X 107'° J. Those parameters are certainly of
crucial importance in many types of colloids with similar
particle sizes.
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Finally it would be interesting to comment that many the-
oretical models from the literature, usually, only take into
account the dipolar interaction term to the formation of nano-
particle chains [23,56,64,65]. Nevertheless, our results, as
well as a previous one by Kruse et al. [15], clearly show that
van der Waals and steric interaction terms play a key role on
chain formation. Therefore we conclude that better agree-
ment between experiment and theory might be achieved
through the inclusion of these terms, which are also ex-
tremely important on the stability of several types of col-
loids.

IV. SUMMARY

In this work, we investigated samples of a polydisperse
magnetic fluid, composed of Fe;0,4-based nanoparticles sur-
face coated with dodecanoic acid molecules and dispersed in
a hydrocarbon solvent. Through a comparison of three-
dimensional Monte Carlo simulations and EMR measure-
ments, it was possible to investigate the behavior of the sur-
factant dodecanoic acid molecules. Based on a modified
Langmuir model, the role of surfactant molecules is investi-
gated. The dependence of the grafting of monomers and ag-
glomerated nanoparticles with concentration was obtained,
suggesting that the grafting (surface density of surfactant
molecules) of isolated particles tends to increase with in-
creasing particle concentration, while the grafting of bonded
nanoparticles shows a more complicated behavior probably
due to entanglement effects. From our analysis it was pos-
sible to suggest that when a pair of nanoparticles get close
enough to put their surfactant layers in contact, the adsorbed
molecules are taken out of their previous stability and tend to
dissociate from the surfaces of the nanoparticles. As the polar
heads of the dissociated molecules are repelled by the apolar
solvent, these molecules are more likely to adsorb on avail-
able adsorption sites. The effects of the steric repulsion and
the van der Waals attraction were also explored by varying
the grafting and the Hamaker constant over a wide range. For
low grafting, the surface-surface distance between bonded
nanoparticles tends to increase with increasing concentration,
in agreement with previous experimental observations, re-
vealing that the influence of the nanoparticles in the vicinity
of a dimer tends to separate them. Indeed, both parameters,
the Hamaker constant and the grafting number, play a key
role in the formation of agglomerates and the stability of the
colloid.
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