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Abstract

Magnetic nanoparticles experience magnetic force under the magnetic field. The magnetic force can be
measured as the magnetic weight of the magnetic nanoparticle sample with a conventional electronic balance.
The instantaneous jump of the magnetic weight by the Neel and the Brown mechanisms is observed when
the magnetic sample is placed under the magnetic field. The magnetic weight increases slowly thereafter as
the nanoparticles agglomerate. During the slow increase of the magnetic weight, the magnetic weight
fluctuates with the change of temperature. When the temperature rises, the magnetic weight decreases, and
vice versa, which suggests that the magnetic weight could be used as a thermometer. The thermal fluctuation
of the magnetic weight results from the structural relaxation of the agglomerate by the kinetic energy of
nanoparticles. We propose a simple equilibrium model for the thermal fluctuation of the magnetic weight, which
explains the fluctuation in terms of the free energy difference between the agglomerated and the dispersed
nanoparticles. The structural relaxation of the agglomerate is a complex process because many different
clusters are formed during the agglomeration. In order to understand the details of the thermal fluctuation of
the magnetic weight, the energy landscape picture with the distribution of the involved free energy is required.
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1. INTRODUCTION

Magnetic nanoparticles such as magnetite have been widley used in many different fields such as imaging,
medicine, separation, etc. [1] Sometimes the surfaces of magnetite nanoparticles are modified or the
nanoparticles are combined with biomolecules for special applications. [2,3] When the magnetic field is applied
to magnetic nanoparticles in various applications, they often agglomerate via interparticle interactions, which
often hinders the efficiency of the applications. As the magnetic nanoparticles agglomerate under the magnetic
field, the magnetization of the sample increases, which means that the nanoparticles experience the greater
magnetic force. The magnetic force can be measured as the magnetic weight with a balance. Temporal change
of the magnetic weight gives insight on the details of the agglomeration dynamics of magnetic nanoparticles.

In this work, we have built a simple apparatus for the measurement of the magnetic weight. The non-
exponential increase of the magnetic weight results from the distribution of the energy barrier involved in the
agglomeration. The magnetic weight of the sample fluctuates with the variation of the laboratory temperature.
The magnetic weight of the agglomerate decreases with the temperaure rise, and vice versa because the
thermal energy of the nanoparticles induces the structural relaxation of the agglomerate. Coherent fluctuation
of the magnetic weight with the temperature suggests that the magnetic weight can be used as a temperature
sensor. We propose a model for the thermal fluctuation of the magnetic weight, which is based on the
equilibrium between the agglomerated and the dispersed nanoparticles. The dispersed superparamagnetic
nanoparticles do not contribute to the magnetic weight in the solution.

2, EXPERIMENTAL

The experimental setup for monitoring the change of the magnetic weight is shown in Figure 1. [4] The
magnetic field is applied with a magnet under the sample and the magnetic weight of the sample is usually
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recorded every minute in the connected computer. The magnetite nanoparticles of ~8 nm diameter are
synthesized following a well-known procedure.[5] In order to study the thermal fluctuation of the magnetic
weight, the laboratory temperature is recorded separately. As shown in Figure 2, the magnetite nanoparticles
agglomerate in a few hours under the magnetic field, however, the magnetic weight increases steadily for a
long time as shown in Figure 3.[4]
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Figure 1 Experimental setup. [4] The conventional electronic balance is used to measure the magnetic
weight and the magnetic weight data are stored in the computer connected with the balance. The magnetic
field strength is adjusted by moving the magnet under the sample.

Figure 2 The magnetite nanoparticle sample of 1 wt% on the magnet. [4] As soon as the sample is placed
on the magnet, the surface morphology of the sample is slightly modified as shown in the picture on the left.
The sample solution separates into two phases in a few hours as the nanoparticles agglomerate on the
bottom.

3. RESULTS AND DISCUSSION

Figure 3 shows the temporal change of the magnetic weight of the samples with different concentrations. [6]
The magnetic weight jumps instantaneously by the Neel and the Brown mechanisms and then increases
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slowly. Those relaxation mechanisms occur too fast to monitor the conventional electronic balance. The
response time of the balance is ~ a msec and the relaxations occur in the time scale much shorter than psec.
The magnetic weight fluctuates around the fitted curve with the variation of the laboratory temperature. The
fitted curves of Figure 3(a) are the stretched exponential function. Figure 3(b) shows the ratio of the fitted
magnetic weight (Wr) and the measured magnetic weight (Ww) of Figure 3(a). We propose a thermodynamic
equilibrium model to explain the fluctuation of the ratio of the magnetic weights.
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Figure 3 (a) Change of magnetic weight of the samples with different concentrations with the fitted curves
[3 wt%(blue line) and 0.75 wt%(red line)]. (b) Ratio of the measured (Ww) and the fitted (We) magnetic weight
of the 3 wt%(blue line) and the 0.75 wt%(red line) sample. [6]

The stretched exponential dependence of a dynamics indicates that the energy barrier involved in the
dynamics is not a single value but has a distribution. The stretched exponential function is given by [6]

B
WE(t) = W(eo) + [W(0) — W(eo)]exp (= (3) ] (1)

where:
W() - the final magnetic weight
W(0) - the initial magnetic weight
1 - the relaxation time
B - the exponent, 0 < 3 <1

The temporal behaviour of the dynamics has a relation with a distribution function of the energy barrier as
following [7]

W(t) = [dE g(E)exp (—kt) (2)

where:
g(E) - the distribution function of the energy barrier
k - the rate constant
When the rate constant expression such as the Arrhenius type equation and the involved parameters are

known, the distribution function of the energy barrier can be determined by the inverse Laplace transform of
the temporal behavior of the dynamics. [7,8]
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The therrmal fluctuation of the magnetic weight follows the variation of the laboratory temperature as shown
in Figure 4. [6] Those results indicate that the fluctuation of the magnetic weight is not under the kinetic control
like the stretched exponential increase of the magnetic weight but under the thermodynamic control.
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Figure 4 Temporal change of the magnetic weight ratio and the laboratory temperature (a) 3 wt% sample
(b) 0.75 wt% sample of Figure 3 [6]

3.1. Equilibrium model [6]

The temperature dependence of the magnetic weight fluctuation indicates that the fluctuation results from the
fast equilibrium of agglomeration. The agglomeration of nanoparticles is the exothermic process, and the
entropy of the system decreases as the dispersed nanoparticles agglomerate. Therefore, the equilibrium
between the dispersed and the agglomerated state of nanoparticle shifts to the dispersed state with the
temperature rise. A single equilibrium constant is not applicable for the agglomeration of nanoparticles if the
agglomerate of nanoparticles is composed of many different kinds of nanoparticle clusters.

When the agglomerate is assumed to be composed of clusters or domains with different free energies, the
ratio of the measured and the fitted magnetic weight is given by

Wy _ [1+Z exp(—li—g;)]

Wg [1+Z exp(—:—(fri)]

3)

where:
AG - the free energy
R - the gas constant
T - the measured temperature
Ta - the average temperature

When the free energy is assumed to be distributed evenly and continuously, the summation of equation (3) is
replaced with the integration and is converted into the following expression

WM [1+Tal

Wg  [1+T] (4)

Figure 5 shows the ratio of the magnetic weights with the simulation results using equations (3) and (4). When
the nanoparticle concentration is high, complex energy landscape is involved in the agglomeration dynamics.
When the concentration is low, the thermal fluctuation is explained with a single equilibrium process.
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Figure 5 (a) Magnetic weight ratio of the 3 wt% sample of Figure 3. The black line corresponds to the ratio
simulated with equation (4). (b) Magnetic weight ratio of the 0.75 wt% sample of Figure 3. The black line
corresponds to the ratio simulated with a single AG/R (= 360) of equation (3). [6]

4, CONCLUSION

The stretched exponential increase of the magnetic weight of the magnetic nanoparticle sample indicates that
the energy barrier of agglomeration has some distribution, that is, the agglomeration process is complex and
the energy landscape picture is required in order to understand the complex dynamics of various clusters.
Clusters with different sizes and shapes are involved in the agglomeration. The magnetic weight fluctuates
with the temperature variation, which suggests that the magnetic weight can be used as a temperature sensor.
The thermal fluctuation of the magnetic weight of the agglomerated nanoparticles can be explained with the
thermal equilibrium model. Fast equilibrium during the agglomeration is established between the agglomerated
and the dispersed nanoparticles.
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