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a b s t r a c t

In the current research, ethanol was exposed to an external magnetic field, called magnetized ethanol,
and then, used as a solvent in the solvothermal method to synthesize various ZnO structures.
Moreover, the morphologies of the synthesized structures are compared with those obtained using ordi-
nary ethanol. The attained results evidently demonstrated the formation of ZnO nanoparticles and micro-
rods by using ordinary and magnetized ethanol, respectively. Moreover, X-ray diffraction (XRD) and
scanning electron microscopy (SEM) were utilized for characterizing the synthesized ZnO structures.
The XRD results demonstrated that the synthesized products are in Zincite hexagonal phase. Besides,
molecular dynamics simulation suggested that the molecular mobility is diminished upon using the mag-
netic field. It was found that the interactions among ZnO particles were enhanced by the slight increase in
the magnetic field while the number of interactions between ZnO and solvent was reduced revealing the
magnetic-field-induced particle growth from the molecular level insight.
� 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Since the properties of final products depend on the particles’
shape and size, the main objective in the synthesis of different
materials is to control these two parameters. Due to the relatively
high exciton binding energy (60 meV) and a wide direct band gap
(3.37 eV), and also, its various shape-induced functions, zinc oxide
has gained a great deal of attention. ZnO structures with various
shapes and sizes have different applications ranging from catalysis
for photo-catalytic degradation to solar cell preparation, gas sen-
sors [1–8] and antibacterial properties [9].

In recent years, both fundamental and applied researches have
been concentrated on the morphologically controllable synthesis
of ZnO because of its unique electrical, acoustic and optical proper-
ties [10–13]. Various methods, such as mechanochemical, sol-gel,
direct precipitation, azeotropic distillation, freeze drying, ethanol
washing, chemical vapor deposition and hydrothermal processing
have been used in the preparation of ZnO structures [9,14–27].
Because of their advantages such as low cost, simple routes and
low-temperature processes, the hydrothermal and solvothermal
techniques have been widely used for the synthesis of nanostruc-
tured materials like ZnO crystals [28–30].

In the solvothermal technique, the solvent plays a vital role in
the properties of synthesized crystals. Besides, solubility and trans-
port behavior of the precursors can be strongly affected by the
properties of a solvent such as polarity and viscosity. Therefore,
various crystalline compounds in different shapes and sizes could
be produced by only changing the type of solvent [10–12,30–32].
The choice of proper solvent for crystallization might impose pro-
found effects on the morphology of synthesized particles. Investi-
gation on the solvent magnetization revealed that some unique
properties could be generated in the solvent subsequently leading
to the synthesis of altered structures.

In the recent years, the magnetic field has been used for
enhancement of heat transfer coefficient in heat transfer applica-
tions like heat pipes which contain magnetic particles [33–36],
while studies on the effect of magnetic field on solvent’s properties
are relatively rare. The effect of magnetic field on properties of
water has been discovered in the early 1900s by Danish Physicist
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Fig. 1. The schematic of solvent magnetization apparatus.
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Hendricks Anton Lorenz [37]. In that research, protic solvents, i.e.
water and ethanol, were exposed to a magnetic field. His observa-
tion demonstrated that by passing water through a magnetic field,
the electron pattern in the ions was changed [38]. It is also
reported that if water is exposed to an external magnetic field, dif-
ferent phenomena would occur. Magnetization of the solvent influ-
enced the hydrogen bond distribution resulting in an increase in
the water viscosity and enthalpy as well as a decrease in the sur-
face tension [39–42].

The influence of magnetic field on macroscopic features and
microscopic structures of water has been previously studied by
Xiao-Feng and Bo [43]. They have detected some variations in
the water properties once exposed to the magnetic field. They have
also measured the changes in surface tension, contact angle, vis-
cosity, rheology, refractive index, dielectric constant and electrical
conductivity of the magnetized water by using infrared, Raman,
visible light, ultraviolet and X-ray techniques. It has been shown
that although the distribution of molecules and transition proba-
bility of valence, bonded and inner-layer electrons were varied,
the constitution of molecules and atoms remained unchanged. In
addition, the magnetic field has been found to be responsible for
the reduction of the contact angle, surface tension force, and
hydrophobicity of water while the refractive index, dielectric con-
stant and electric conductivity of water were increased. The viscos-
ity of magnetized water could be enhanced by increasing the
intensity of magnetic field and magnetized time. Likewise, the
effect of magnetic treatment on the surface tension reduction of
water was investigated by Amiri and Dadkhah [42]. They have
reported a reduction in the surface tension of pure water with
increasing the number of times water passes through the magnetic
field. An 8% reduction in the surface tension of magnetically trea-
ted water is reported elsewhere [44]. Rohani and Entezari have
investigated the synthesis of manganese oxide nanocrystals in
the presence of magnetic field. They have demonstrated that larger
and smaller sizes of nanoparticles could be obtained with and
without magnetic treatment, respectively [45]. In addition, the
external magnetic field retards the nucleation process which accel-
erates the crystal growth leading to an increased amount of rod-
like structure.

We have recently investigated some applications of magneti-
zation in various processes [38,39,46–49]. To the best of our
knowledge, among all magnetized solvents, the role and behavior
of magnetized ethanol have been vastly overlooked, and no capa-
bility has been mentioned for this popular solvent. As a result,
there is a great interest to delineate the effect of magnetized
ethanol on material synthesis. In continuation of our previous
works on the synthesis of various ZnO structures as well as appli-
cations of magnetized solvents [38,39,47,50–54], and also due to
the importance of ZnO structures in nanotechnology, photocatal-
ysis, and several other industries, the major aim of the current
work is to investigate the influence of induced magnetic field
applied to ethanol on the morphology of zinc oxide prepared by
the solvothermal technique.

For a deeper understanding of the processes, classical molecular
dynamics (MD) simulations is also performed to determine the
extent of enhanced hydrogen-bonding and local environmental
structures [55–57], indicating that MD simulation is a powerful
tool to decipher the local features at the molecular level. In addi-
tion, MD helps the researchers to understand different properties
including macroscopic and microscopic ones. However, the forma-
tion of rod structures in a specific solvent has not been investigated
by MD simulation so far. Assessment of the magnetization process
from the molecular viewpoint was also performed to explore the
size and configuration of particles in ethanol illustrating the effect
of the aspect ratio and the particle-particle interactions on the
aggregate structures of ZnO rod-like particles.
2. Materials and methods

2.1. Solvent magnetizing apparatus

A permanent magnet in a compact form was used. This equip-
ment was a coaxial static magnetic system (AQUA CORRECT, H.P.
S Co., Germany) with the field strength of 0.6 T. The two ends of
this equipment were connected to the liquid pump and the solvent
reservoir. Solutions could flow through a coaxial static magnet and
return to the solvent reservoir. Therefore, the solution might pass
throughout the magnetic field several times in a closed cycle
(Fig. 1).

2.2. Synthesis method

Zinc acetate dehydrate and ethanol (both analytical grades)
have been purchased fromMerck Company. Zinc acetate dehydrate
(0.02 mmol) was dissolved in ethanol (ordinary/magnetized) (30–
40 mL) under vigorous stirring. Ethanol was magnetized at various
times (1 pass, 10 min, and 120 min) in the case of magnetized
ethanol. After mixing for about 10 min, the reaction mixture was
transferred into the Teflon-lined stainless steel autoclave (50 mL),
which was maintained at 130 �C for 48 h followed by cooling nat-
urally to the room temperature. To remove all impurities, the
white precipitates were separated by centrifuge, washed several
times with deionised water and ethanol and then dried at 60 �C
for 8 h to get a white fine powder. This powder was used for fur-
ther characterizations.

2.3. Measurements and analysis

The crystal structure of Zinc oxide samples was characterized
by X-ray diffraction (XRD, Bruker D8 Advance) using Cu-Ka radia-
tion (k = 1.5406 Å). The surface morphology of powders was stud-
ied using scanning electron microscope (SEM, LEO 1450 VP, Zeiess,
Germany). Furthermore, the energy dispersive X-ray spectroscopy
(EDS, 7353, Axford, England) was used for the elemental analysis.
FTIR spectroscopy, within the wave number range of 850 and
4000 cm�1, was employed with a Bruker 500 scientific spectrome-
ter. The conductivity of solvent was determined using an Accumet
AR20.

2.4. Simulation details

By employing a hybrid density functional theory incorporating
Becke’s three-parameter exchange with Lee, Yang and Parr’s
(B3LYP) correlation functional [58,59], density functional theory
(DFT) calculation for ethanol system was performed using



Fig. 2. XRD pattern of the synthesized ZnO structure using ordinary ethanol.
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Gaussian 03 program [60]. The geometry of the lowest-energy con-
former was optimized at B3LYP/6-311++G(d,p) level of theory by
applying the default criteria for convergence of the ab initio calcu-
lations. The molecular electrostatic potential (ESP) was computed
to shed light on the effective localization of electron-rich regions
in the molecular system [61]. Vibrational analysis demonstrated
that the optimized structure is at the local minimum; conse-
quently, geometrical parameters including bond lengths, bond
angles and dihedral angles computed at B3LYP/6-311++G(d,p) level
of theory as well as atomic charges were implemented in order to
construct the initial configuration. Atomic charges were calculated
from CHelpG method [62]. It is worthy to mention that the natural
bond orbital (NBO) analysis was also performed to compute atomic
charges [63,64]. The results of simulations confirmed that the ear-
lier values for atomic charges lead to more accurate density which
is in excellent agreement with the experimental values at ambient
conditions (298.15 K and 1 bar) with insignificant deviation error
of 0.98% [65] as well as calculated density [66] and simulation val-
ues [67]. In addition, different force fields including OPLS [68],
AMBER [69] and DREIDING [70] were applied to explore the role
of the force field on the accuracy of the results. In this way, the
force field applied is validated. The results notably showed that
OPLS potential model conducts simulation to the most accurate
results which are in good agreement with the previous MD and
MC simulations [67,71]. As a result, all simulations for the pure sol-
vent were performed based on OPLS force field by the help of ESP
results for long-range electrostatic interactions. Long-range elec-
trostatic interactions were accounted by using Ewald procedure
[72–76] within the isothermal-isobaric (NPT) ensemble at 298.15
K. 1 ns simulation was performed to achieve accurate density at
the pressure of 1.0 bar. The ensemble of simulation was NPT and
cut-off distance of 16 Å was considered to truncate the long-
range potential energy. The coupling methods for pressure and
temperature were applied by Nose-hoover thermostat-barostat
[77] every 1.0 and 0.1 ps, respectively. Verlet leapfrog scheme
[76] was applied to compute the positions and velocities of parti-
cles with time step 1 fs. After reaching the equilibrium state, the
system keeps running for 300 ps to achieve the input for the next
step of the simulation. In order to collect the required data with
the applied potential model, the last configuration was applied
for another simulation with NVT (constant number of particles,
constant volume, and constant temperature) ensemble. All the
conditions were kept the same as previous simulation.

The external constant magnetic field perpendicular to the z-
direction was applied to the pure solvent and its mixture with
ZnO particles. All MD simulations were conducted using the soft-
ware DL_POLY version 2.17 [78].

In the present study, we pursued the potential ‘‘storing” of
energy from exposures to a 6.5 T static magnetic field. It is
assumed that the changes in the solvent diffusion altered viscosity
which was explained from the molecular aspect. An accurate prac-
tical means for the analysis of the structure is provided by the
radial distribution function, RDF, of the pair atoms which is defined
as the local number density, q(r), at the radius r divided by the sys-
tem number density, q0:

gðrÞ ¼ qðrÞ
q0

¼ V � dNðr;DrÞ
N � 4pr2dr ð1Þ

in which N is the number of molecules, V is system volume, and dN
(r,Dr) is the number of molecules within the shell volume of r at the
radius r.

In MD, the mean squared displacement (MSD) is an indication
of the diffusion phenomenon. It is defined according to

MSD ¼ hjrjðtÞ � rjð0Þji2 ð2Þ
in which rj(t) and rj(0) denote the position vectors of atom j at time t
and 0, respectively. The growth rate of MSD depends on the number
of times that an atom suffers collisions per unit time.
3. Results and discussion

3.1. Experimental part

Preparation of ZnO structures employed in this work was car-
ried out by the solvothermal method using ordinary and magne-
tized ethanol. Solvothermal synthesis typically involves the
preparation of solid materials from reagents dissolved in an aque-
ous solution under mild temperature and pressure. In this study,
various ZnO structures are synthesized by the reaction of Zn(CH3-
COO)2�2H2O with ethanol. The chemical reactions can be expressed
as [79]:

CH3COO
� þHOCH2CH3 ! OH� þ CH3COOCH2CH3 ð3Þ
Zn2þ þ 2OH� ! ZnO # þH2O ð4Þ
OH� is gradually released based on the first reaction, and then,

according to the second reaction, Zn2+ cations react with OH�

anions to form ZnO structure under solvothermal conditions. In
other words, the weak esterification reaction (Eq. (3)) liberates
OH� and then ZnO clusters are momentarily formed (Eq. (4)).
Hexagonal ZnO crystal has a positively polar zinc face and a nega-
tively polar oxygen face [79]. Therefore, in order to minimize the
total surface energy, ZnO clusters tend to aggregate and self-
assemble into the metastable structures.

Fig. 2 shows typical X-ray diffraction (XRD) patterns of the as-
prepared ZnO structures using ordinary ethanol. The appeared
peaks in Fig. 2 correspond to reflections from 100, 002, 101,
102, 110, 103 and 112 crystal planes which identify the hexago-
nal Zincite crystalline type. There are no diffraction peaks can be
observed from other impurities which indicates that the pure
ZnO structure has been produced.

In order to investigate the effect of using magnetized ethanol on
the crystallinity of the synthesized ZnO particles, XRD pattern of a
sample, produced with magnetized ethanol, was also recorded
(Fig. 3).

From Fig. 3, the sharp peaks correspond to the reflections from
100, 002, 101, 102, 110, 103, 200, 112, 201, 004 and 202 crys-
tal planes, respectively, which can be attributed to the hexagonal
Zincite crystalline structure of ZnO. Thus, it can be concluded that
upon using the magnetized ethanol, ZnO structures with excellent
crystallinity can be produced. Moreover, there could be detected



Fig. 3. XRD pattern of the synthesized ZnO structure using the magnetized ethanol.
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no additional peaks in the XRD pattern (Fig. 3) indicating the for-
mation of extra pure ZnO structures using magnetized ethanol.
Comparing Figs. 2 and 3, it can be inferred that upon the use of
magnetized ethanol, the diffraction peaks of ZnO structure have
become sharper implying the larger size of the as-formed crystals.

3.1.1. Ordinary ethanol
At first, ZnO structures were prepared in the presence of ordi-

nary ethanol. SEM results shown in Fig. 4a and b indicate that
ZnO nanoparticles are produced with ordinary ethanol. According
to those images, the average size of ZnO nanoparticles is about
100 nm and they are completely recognizable from each other.

3.1.2. Magnetized ethanol
In another series of experiments, ZnO structures were produced

using the magnetized ethanol. Fig. 4c and d shows SEM images of
Fig. 4. SEM images of ZnO nanoparticles prepared in the presence of; (a, b) o
the sample prepared in the presence of one-pass magnetized etha-
nol. Remarkably, upon the use of the magnetized ethanol, the mor-
phology of sample became utterly different. As a result, it can be
clearly concluded that the properties of ethanol have been changed
by applying the magnetic field. It is necessary to mention that this
phenomenon is different from the Zeeman’s effect which is highly
diminished in the absence of magnetic field while the memory of
magnetic treatment remains over 200 h [80].

With respect to Fig. 4c and d, it is clear that ZnO particles with
hexagonal structure are produced. Based on these experiments, it
is suggested that magnetization of solvent results in the formation
of a suitable amount of ZnO cluster nuclei for their subsequent
growth. It has been reported that magnetic treatment could
enhance the rates of nucleation and crystal growth [81]. In addi-
tion, the magnetized ethanol enhances the activity of ZnO nuclei
which are assembled into hexagonal structures. A similar
rdinary ethanol and (c, d) magnetized ethanol (one pass magnetization).



Fig. 6. FTIR spectra of ordinary and magnetized ethanol with different magneti-
zation times.
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mechanism has been observed in another study once the ultrasonic
pre-treatment was employed [82]. It is suggested that the subse-
quent inner rings are formed inside the first hexagonal structure,
and then, the crystal growth continues layer by layer to form the
structures shown in Fig. 4c and d. The crystal formation process
can be divided into two main stages, namely, nucleation and crys-
tal growth. The size and morphology of the given crystals are
greatly affected by some external conditions such as magnetization
through participating in nucleation and growth stages. As a result,
the process was influenced by several factors [83].

The general operating principle for the magnetic technology is a
result of physics behind the interactions between a magnetic field
and a moving electric charge. A magnetic force is exerted on each
ion as soon as the ions are placed in the magnetic field. According
to Fig. 5, the forces on ions of opposite charges are exerted in the
opposite directions. Fig. 5 demonstrates the influential factors on
the force of magnetic field. The magnetic field force or Lorenz force
can be obtained by using Eq. (5):

F ¼ jAjjBjQ sin h ð5Þ

where F is the magnetic field force, A is the lines of magnetic field, B
is the fluid current, Q is the number of charged particles dissolved in
the fluid, and h is the angle between magnetic field and fluid direc-
tion which is always vertical. Therefore, according to Eq. (4), the
maximum magnetic force is obtained when h is equal to 90� and
hence, Eq. (4) can be simplified as [39]:

F ¼ jAjjBjQ ð6Þ
Since ethanol is a polar protic solvent like water, a similar

behavior for both of them would be expected when they are
exposed to the magnetic field. The molecular arrangement of water
is changed as exposed to the magnetic field. The surface tension of
water also reduces to a certain value after a few treatment cycles
[41], and its activity is improved due to the reduction of cluster
sizes leading to a change in the molecular energy. In addition, it
has been shown that the number of hydrogen bonds in the liquid
structure and the self-diffusion coefficient of molecules are influ-
enced by the magnetic field [84]. It can be concluded that the com-
petition between different hydrogen bond networks leads to a
weakened intra-cluster hydrogen bonding, and consequently, the
smaller clusters are formed with stronger inter-cluster hydrogen
bonds. Other researchers have demonstrated that the number of
hydrogen bonds increases by approximately 0.34% when the mag-
netic field strength increased from 1 T to 10 T [84]. A rather similar
effect may be expected once ethanol is exposed to the magnetic
field. As a proof of the occurred changes in the hydrogen bonds,
the FTIR spectra of magnetized ethanol at different times are pre-
sented in Fig. 6.

The peaks observed at 1055 and 2980 cm�1 can be attributed to
CAO and CAH stretching vibration bonds, respectively, which are
the characteristic bonds of ethanol. Besides, the appeared peak at
about 3350 cm�1 is ascribed to OAH stretching vibration. As seen
Fig. 5. Schematic diagram of magnetization process.
in Fig. 6, the peak at about 3350 cm�1 is broadened and its inten-
sity is reduced indicating that the number of hydrogen bonds
increases with enhancing the magnetization time. The conductiv-
ity values of ordinary and magnetized ethanol were also measured
and shown in Fig. 7.

Based on Fig. 7, the conductivity of ethanol rises as the magne-
tization time increases. A similar observation was reported when
water is exposed to an external magnetic field [43]. This phe-
nomenon is due to the enhancement of charged particles, e.g.
OH� in the presence of magnetized ethanol, however, according
to the various interpretations, the basic mechanism for the mag-
netic treatment effects is not well understood yet.

A remarkable change was observed in the morphology of pre-
pared samples. In order to shed some light on the challenge and
investigate the effect of solvent magnetization time, additional
experiments were performed with different magnetization times.
Fig. 8a and b shows SEM images of the sample prepared via a 10
min magnetization of ethanol. Based on this figure, it is clearly seen
that the ZnO microrods are synthesized. The prepared microrods
have hexagonal structures based on Fig. 8a and b. These results
imply that the growth mechanism is changed due to the longer
magnetization time (10 min) of the solvent. Such interesting
behavior can be explained by the fact that, at the beginning, a suit-
able amount of ZnO nuclei is formed and later on, the ZnO nuclei
are self-adjusted into hexagonal plates before growing into rods.
Afterwards, the growth continues layer by layer to form the ZnO
microrods. A similar mechanism has also been reported elsewhere
Fig. 7. Conductivity of ordinary and magnetized ethanol.



Fig. 8. SEM images of ZnO microrods prepared in the presence of; (a, b) magnetized ethanol (10 min magnetization) and (c, d) magnetized ethanol (120 min magnetization).

Fig. 9. The variation of hydrogen bonding number with simulation time in the
presence and absence of magnetic field.
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[82]. Based on Fig. 8a and b, the prepared ZnO microrods exhibit a
nearly uniform size distribution with an average diameter of
around 2 lm. It has been reported that the external magnetic field
could promote one-dimensional growth in the crystals as a result
of which, the rod-like structures are formed [45,80,85,86].

By increasing the magnetization time of ethanol up to 120 min,
the morphology of the prepared sample shows an insignificant
change and the only difference is the increased microrods’ diame-
ter (Fig. 8c and d).

Thus, according to the employed experimental details, one
could infer that the solvent plays a key role in the morphology of
the synthesized ZnO structures in the solvothermal method. It is
indicated that the solvent magnetization can change the formation
mechanism of ZnO crystals and also the orientation of crystal
growth.

3.2. Molecular dynamics part

As expected, the formation of hydrogen bonding between the
ethanol solvent molecules might be enhanced upon the use of an
external magnetic field, which is one of the considerable issues
in the present research. Fig. 9 compares the variation in number
of hydrogen bonds in terms of simulation time in ethanol in the
presence and absence of a magnetic field.

As can be seen, the structure of the treated solvent is directly
affected by applying a magnetic field; but based on a different
viewpoint, the molecules are more ordered and stable, and their
interaction force is stronger than that of the untreated solvent.
Structurally, it can be found by exploring gO���HðrÞ of the system.
As Fig. 10 illustrates, for the current system, the distance between
two solvent molecules decreases from 1.825 Å to 1.775 Å by apply-
ing the magnetic field. To evaluate the average number of hydro-
gen bonds, the present study adopts the geometric criterion [87],
that is, a hydrogen bond would be formed if the distance between
the oxygen and hydrogen atoms of a pair-molecule is less than the
first minimum of the O� � �H radial distribution function, 2.625 Å in
the case of untreated solvent and 2.425 Å in the case of treated one.
The procedure has been applied to water molecules by Levitt et al.
[88]. The simulation results presented in Fig. 10 indicate that
employing of a magnetic field intensifies the strength of hydrogen
bonding. The slight decrease in the O� � �H distances with magnetic
field enhances the networking ability. Moreover, the smaller dis-
tance between H and O atoms of the ethanol molecules implies
that the cluster size has been increased under the magnetic field,
and hence, a more closely packed structure of ethanol molecules
is observed.

The results demonstrate that the number of hydrogen bonds
between the ethanol molecules increases in accordance with the



Fig. 10. Comparison of g(r) O� � �H in the presence and absence of the magnetic field.

Fig. 12. Pair correlation function between ZnO particles and solvent in the presence
and absence of the magnetic field.
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results reported in the case of water by Hosoda et al. [56]. It has
been suggested that electron delocalization of the hydrogen-
bonded molecules enhances hydrogen-bond strength under an
external magnetic field.

The results of simulation illustrated that the distance between
two ethanol molecules in the absence and presence of the mag-
netic field is decreased by a value of 5.00 pm. In other words, the
slight compactness of ethanol molecules was observed because
of the magnetic field.

The mobility of the solvent may also be affected by the mag-
netic field. Noticeably, applying the magnetic field to the pure sol-
vent leads to a lower value of self-diffusion coefficient for the
molecules implying a lower level of solvent fluidity.

Since the aim of the current work is to evaluate the effect of an
external magnetic field on the synthesis of ZnO nanoparticles, MD
simulation results revealed that the size distribution depends on
the external magnetic field. It is proposed that interactions of the
magnetic field with particles present in the system may cause
the growth of nanoparticles to be improved; and consequently,
the exerted forces on ZnO particles before and after magnetization
was computed. Quite interestingly, it was found that the attraction
force on the particles, due to the magnetic field, is stronger than
the non-magnetized condition. In other words, an external
Fig. 11. A snapshot of the last configuration of the system after 4 ns simulation
magnetic field has a significant effect on the morphology of the
particles and could decrease the distances between particles. In
addition, a snapshot of the last configuration of the system after
4 ns of simulation in the presence of magnetic field is compared
with the ordinary system further confirming the abovementioned
standpoint (see Fig. 11).

As the figure illustrates, the impact of an external magnetic field
on the morphology of the particles as well as the size distribution
is in accordance with the experimental results. In other words, the
solution consists of elongated ZnO particles.

However, to gain a deeper insight into the behaviour of the sys-
tem at external magnetic field, RDF of the oxygen atom of ZnO par-
ticles and the hydrogen atom of the solvent were studied. The
interactions between these two atoms, i.e., O(Zn)� � �H(O) interac-
tions, are quite strong. The mentioned distance, based on RDF,
decreases from 2.375 Å to 2.275 Å by applying the magnetic field
demonstrating the strength of the interactions between ZnO parti-
cles and ethanol solvent. Fig. 12 illustrates more details in spite of
the lower number of solvents around particles that may be a wit-
ness of a more close-distance between ZnO particles due to the
magnetic field. For confirmation of this result, Fig. 13 compares
the variation of hydrogen bond numbers versus configuration
in the presence (right side) and absence (left side) of the magnetic field.



Fig. 13. Number of interactions between the particles and solvent for magnetized
system and non-magnetized one.

Fig. 14. Number density of nanoparticle along z direction in the magnetized system
and non-magnetized one.

Fig. 15. The comparison of Zn� � �Zn distance with time of simulation between
magnetized and non-magnetized system.

356 H. Rashidi et al. / Advanced Powder Technology 29 (2018) 349–358
number of simulation due to the magnetic field. The progressive
reduction in the number of hydrogen bonds between the particles
and solvent upon application of a magnetic field further explicates
the stronger interactions of the particles and their larger size.

Taking into account the density profile of the nanoparticle will
all reveal that applying magnetic field has changed the distribution
and size of the ZnO particles in the solvent. Fig. 14 shows the vari-
ation of z-density of ZnO particles along the z direction.

On the base of atomic density at z direction, it can be under-
stood that the density enjoys a considerable increase in the magne-
tized solvent that is a sign of aggregation of nanoparticle. Another
approve for this idea is the Zn� � �Zn distance that decreases if mag-
netic field is applied. Fig. 15 shows the time revolution of ZnO dis-
tance during the simulation.

As the figure illustrates, at the presence of magnetic field
Zn� � �Zn distance is constant about 3.39 Å while this distance
observes a significant fluctuation between 3.19 Å and 3.78 Å in
the untreated solvent. In other words, the aggregation of nanopar-
ticle is improved in treated solvent. Typically, based on the above
findings, it seems that the structure of the ethanol solvent
undergoes some changes upon exposing to the magnetic field
which probably affects the ZnO particle size.

4. Conclusions

In this study, various ZnO structures were prepared in the pres-
ence of magnetized and ordinary ethanol by using the solvother-
mal technique. The attained results demonstrated that
magnetization of ethanol has a remarkable impact on the morphol-
ogy of the synthesized ZnO particles which can be controlled by
varying the time periods of solvent magnetizations. By using ordi-
nary ethanol, only ZnO nanoparticles were produced while ZnO
microrods were synthesized as a result of using the magnetized
ethanol. It can be concluded that the magnetized ethanol acceler-
ates the crystal growth and increases the amounts of rod-like
structures. In addition, molecular dynamics simulation was
applied to examine the effect of a static magnetic field on the
ZnO particle size and morphology at ambient conditions. It was
shown that an external magnetic field would have a direct effect
on the number of hydrogen bonds, their strength and the structure
of ethanol as well as its molecular mobility. Enhancing the number
of hydrogen bonds in a pure solvent as a result of an external mag-
netic field, causes the formation of larger ethanol molecular clus-
ters. Furthermore, the magnetic field induces a tighter bonding
between solvent’s molecules.

Molecular mobility was reduced upon application of an external
magnetic field; on the other hand, the magnetic field constrains the
movement of the solvent molecules which is in good agreement
with the decreased movement of ZnO particles in spite of their ten-
dency to maintain a smaller distance from each other and produce
larger particles. Atom-atom pair correlation functions as well as
density profile, made available from the histogram of trajectories,
were used to estimate the spreading profile, and thus, the struc-
tural relation between particles. Quite importantly, the resulting
particles are relatively stable and the stronger force on ZnO parti-
cles as well as the weaker interactions between the solvent and the
particles could be detected after the magnetization process.
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