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Size distribution of magnetite nanoparticles
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The magnetite nanoparticle size has been studied as a function of the concentration
thereof in polymer matrix. The magnetite nanoparticle size distribution has been deter-
mined. The magnetite nanoparticle magnetization has been calculated taking into account
the magnetic dipole-dipole interaction.

I/ICCJIEHOBaH pasMep HaHOYaCTUI[ MarHeTuTa B S83aBHCHUMOCTH OT HX KOHIEHTpaluu B
HOJII/IMepHOfl MaTpuie. OnpeaeneHo pacipejgesieHre HaHOYaCTHUI[ MarLHeTuTa II0O pasMepaM.
Briunciieno HaMarsnumuBaHIe HaHOYAaCTHUI[ MarHeTuTa ¢ y4eTOM MAarHvMTHOI'O OAUIIOJIb-AUIIOJIb-
HOTO BBaI/IMOEEI;'ICTBI/Iﬂ.

Polymeric matrices filled with magnetite nanoparticles (polymeric magnetic nanocomposites,
PMNC) are of a considerable scientific and practical interest [1-5]. Such media have several advan-
tages over the liquid ones. The magnetite nanoparticles introduced into a polymeric matrix are in
the individual state and their coagulation is impossible. Moreover, the polymeric matrix protects
the nanoparticles against a further oxidation, so those may keep their physicochemical properties
for a prolonged time.

Those media exhibit a series of unique physical properties, including the superparamagnetism,
high magnetic characteristics, giant magnetic resistance, good magnetooptical properties, the spe-
cific electric resistance varying within a wide range, etc. [3-7].

It is to note that the function of the polymeric matrix is not reducrd to the stabilization of active
nanoparticles having the properties differing fundamentally from those of atoms, molecules, and
bulk samples. The matrix defines the structure of the nanoparticle ensemble formed therein (the
size distribution of nanoparticles, the spacing therebetween, the particle shape, the arrangement
ordering, etc.) that, in turn, defines all the properties of the nanocomposite itself.

In this work, the size of magnetite nanoparticles has been studied as a function of the concen-
tration thereof in the polymeric matrix. The size distribution of magnetite nanoparticles has been
determined. The magnetization of the nanoparticles has been calculated taking into account the
magnetic dipole/dipole interaction.

The magnetization of PMNC samples obtained using the polyvinilydene fluoride (PVDF) and
polyethylene (PE) at different magnetite concentrations has been studied by the Domenicalli tech-
nique. The PMNC preparation and physical characteristics ar described in [8].
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Fig. 1 shows the magnetization curves for a PVDF based PMNC with the volume concentration
of magnetite nanoparticles ¢, =0.098. The sample magnetization is seen to be of superparamagnetic
character. It is known that the magnetization of such media can be described using the Langevin
equation:

1
mH
where L ﬂ =cth ﬂ] L is the Langevin function; f(m) . the distribution function of the magne-
kT kT | mH
kT

tite nanoparticle magnetic moment ; ¢, . the nanoparticle concentration in the matrix. The nanoparticle magnetic
moment is determined as m; = M -V; . where M is the saturation magnetization of bulk magnetite amounting
491.6 kA/m; I/, the nanoparticle volume. To determine the nanoparticle concentration in the matrix, the Langevin

equation for high magnetic fields M S =@, M, was used where M S is the saturation magnetization of the
sample.

Using the Langevin function expansion in low magnetic fields L m’—] =—2— and defi-

1 kT i kT
nition of average magnetic moment m = f m-f(m)dm , we get the maximum magnetic diameter
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The minimum magnetic diameter of nanoparticles can be determined using the Langevin equa-
tion expansion in high magnetic fields:

1
MI
kT

M=M; ¢p|1-

From the magnetiza tion curves, the dependence M =M(1/H) can be obtained and the minimum
magnetic diametercan be determined:

1/3
min _ 24@ka /
mag lga o
where o is the angle between the tangent to the M = A/(I/H) line in the point Hlim M[%] and the abscissa
. —00

axis.
Let the magnetite nanoparticle size be distributed according to lognormal law:

(In x)2

1
f(x) = ———exp|———
V21O x 20>
where x =d/d , d being the nanoparticle average diameter. Let this expression be substituted into
(1). Considering the Langevin function expansions in high and low magnetic fields and integrating
(1), we obtain for the distribution parameters the following expressions:
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Fig.1. Magnetization curves of a PVDC+ Fe,O, ob- (1) and PE (2) matrix.

tained in experiment (1) and by calculation without
(2) and with (3) account for the magnetic dipole/di-
pole interaction.
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Using the data from magnetic measurements (Xo ,upm) , the maximum magnetic diameter of the
nanoparticles and the logarithmic average diameter of nanoparticles have been determined at dif-
ferent concentrations thereof in the polymeric matrix, Table 1

Table 1: Maximum and minimum diameters of nanoparticles and the lognormal distribution parameters there-
of as determined at various nanoparticle concentrations for PVDF+Fe O, and PE+Fe O, PMNC samples

Parameters
Samples
d, ., nm d, .nm d,nm c
PVDF+Fe O,

P,
0.011 6.3 319 24.76 0.25
0.018 11.0 344 29.51 0.23
0.023 142 38.0 32.36 0.34

PE+Fe,O,

P,
0.008 10.1 26.2 26.7 0.112
0.017 11.0 332 30.06 0.258

The regularity of the magnetite nanoparticle size variation with the concentration is seen to be
linear:d_, = 659,17 ,d_ _=26,12+ 498,62x¢ ,d =17,85+636,24x¢p . Among these dependences,
the angular coefficient in the d__ =d__ (¢_) one is higher than in others. The small nanoparticles are
coagulated stronger than those of medium and large size. The angular coefficient for medium-size
nanoparticles is within the range between those for d_._and d___ones.
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Fig.3. Magnetite nanoparticle distribution in PVDC Fig.4. Magnetite nanoparticle distribution in PVDC
matrix at concentration 0.011 (1) and 0.018 (2). and PE matrices at concentration 0.018.

In Fig.2, presented is the maximum magnetic diameter of magnetite nanoparticle aggregates is
shown as a function of their concentration in the polymeric matrix. The d (@, ) is seen to be linear,
the magnetic diameter grows as the concentration increases, that is, the coagulation of nanopar-
ticles occurs. However, the coagulation depends not on the concentration thereof only but also on
the polymer physicochemical properties (viscosity, electric characteristics, etc.). This dependence is
heavier for PVDF than for PE. It is seen in the Figure that the magnetic diameters are different in
PVDF and in PE, the nanoparticle concentration being the same (¢ =0.017).

The regularity obtained is confirmed by the coagulation theory, too. It is known that when the

) ) ) dn )
nanoparticles are coagulated, their concentration decreases [9] as o —ky n?, k, being deter-

. T . . . .
mined as ky = % , 1 18 the medium viscosity.

Ul
By definition, ¢, = —L where V., Vis the solid phase and medium volume, respectively. Since
V=NV, and n= N = &, the latter differential equation can be written in the form
0t

dv

a = —kyp,
The solution is Vy, = kg -¢; + V| . In the latter expression, let us pass to d,

2Ryt
dOt = dO 1 + gt
™

The nanoparticle aggregate diameter is seen to be a linear function of concentration, that is
consustent with the result obtained before (see Fig. 2).

In the latter relation, let the critical time be introduced determined as t,, = 1/(2kyp, /mdy) . The
critical time evaluation for the PDVF sample has shown that it is 9.5; 6; 5 us at the concentration
¢=0,098; 0,155; 0,187, respectively. As the magnetite nanoparticle concentration in a polymer ma-
trix decreases, the critical time reduces.

The concentration of the solid nanoparticle phase (p) was determined as follows. The PMNC
mass consists of the polymer mass and nanoparticle one: mpync =mpy +mMpe 0, . Where

Fez04

s

mpync = PpuncVeunc > Mpy =PpuVpyu  Mre,0, = Pre,0, VFe,0, - By definition, ¢, =
PpPMNC —PPm
PFe,0, —PPM

We have shown before that the surface layer of a magnetite nanoparticle is not magnetitic [10].
The non-magnetitic layer thickness is in proportion to the nanoparticle diameter. The geometric
(dp, ) and magnetic (dy,, ) nanoparticle diameters are related together as d,, = K-d, (K=0.154
for the magnetite nanoparticle samples under study). Then the magnetic volume of an aggregate

Vem
then we get ¢, =
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lated curves of magnetite nanoparticle magnetiza-
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consisting of n magnetite nanoparticles can be determined as

1 1 1
&" on® —Eﬁdgmng = Eﬁdgtng (I—Kg) =V,(1-K?)
If an aggregate of n nanoparticles is considered as one nanoparticle, then its magnetic volume

is determined as

éﬁdf —%ﬁd‘;’; - éﬁdf (1-K)=v,a-K?)

The right-hand sides of both expressions are the same. Thus, the magnetic diameter of the
nanoparticle aggregates depends on their geometric diameter also linearly. So the above results for
the magnetic diameter of the aggregate are valid for its geometric size, too.

The lognormal distribution parameters for PMNC samples PVDC+Fe,O, and PE+Fe,Q, are pre-
sented in the Table. The regularity of magnetite nanoparticle size variation as a function of concen-
tration thereof is seen to be linear and similar to that found above (see Fig.2).

In Fig.3, presented are the size distribution curves for magnetite nanoparticles in PVDC at con-
centrations @ =0.011, 0.018. it is seen that when the concentration increases, the average particle
size grows but the distribution character remains unchanged.

Fig. 4 presents the magnetite nanoparticle distribution in PVDC and PE matrices at 0.018 and
0.008 concentrations. The nanoparticle diameters are the same in both cases in spite of different
concentrations.

Fig. 5 shows the frequence accumulation curve as a function of the nanoparticle size at concen-
trations ¢=0.098, 0.155. It is seen to be S-shaped and the nanoparticles of larger sizes make the
main fraction of the dispersed phase.

In Fig.1, demonstrated is the magnetization curve calcilated using (1) taking into account the
lognormal distribution. In low magnetic fields, the experimental magnetization curve is seen to dif-
fer from the calculated one. That difference as a function of the magnetic field shtength 1s shown
in Fig. 6. It is seen to have a maximum at a certain field strength and decreases at a further field
increase. Fig. 7 shows the maximum difference between the experimental and calculated magne-
tization characteristics as a function of the magnetite nanoparticle concentration. The dependence
is seen to be quadratic.

In spite of low concentrations, the nanoparticles are rather large and, accordingly, a high mag-
netic moment. Thus, the magnetic dipole/dipole interaction is to be taken into account in the ex-
pression for magnetization (1). The interaction energy was taken in the form [11]
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2
2
m mH 1
E;, ;=— cth —
T | kT mH
kT

The expression for magnetization was obtained taking into account the magnetic dipole/dipole
interaction (%, ) [12]. The aditional item for that case was found as [11]

mH 1 mH omH 1
WT m || kT SN R T @
kT kT

The consideration of the expression obtained has shown that it has a maximum at mH/kT =
1.54 and decreases as the magnetic field increrases. The dependence of the additional item on the
nanoparticle concentration is quadratic, too.

Fig. 8 shows the difference between the experimental curve and the calculated one with the ad-
ditional item (2) as a function of nanoparticle concentration. The curves are in a good agreement.
The calculated magnetization curve taking into account the dipole/dipole magnetic interaction
(Fig. 1) agrees well with the experimental one.

Thus, it has been shown that when the magnetite nanoparticles are introduced into a polymeric
matrix at a high concentration, their coagulation takes place. The conglomerate size depends lin-
early on the nanoparticle concentration as well as on the polymeric matrix properties. Although the
concentrations are rather low and the nanoparticle size 1s large (accordingly, the magnetic moment
is high), the dipole/dipole magnetic interaction is to be taken into account when calculating the
magnetization of such media.

This work has been supported financially by CRDF (Grant AZEI-3113-BA-08).
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Poamogin maHo4acTok MarHeTUTy
3a po3MipaMu y IOJIMEPHIA MaTPHITL

P.A Am-3ane, M.A . Pamaszanos, P.3.Caguxos

JocmmxeHo po3MIpu HAHOYACTHHOK MATHETHUTY 3aJIed<HO BII IX KOHIIGHTPAIII ¥ IMOJIMepHIH
Marpuill. BusHadueHo posmopiJ HAHOYACTHHOK MATHETHTY 34 poaMipamu. OfumcieHO HaMardi-
YeHHA HAHOYACTHHOK MATHETUTY 3 YPAXyBaHHSM MATHITHOI THIIOJ/Ih-THIIOIHHOI B3aEMOIII.
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