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Collective alignment of nanorods in thin Newtonian
ﬁlms†
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and Konstantin G. Kornev*a
In this paper, we provide a complete analytical description of the alignment kinetics of magnetic nanorods
in magnetic ﬁeld. Nickel nanorods were formed by template electrochemical deposition in alumina
membranes from a dispersion in a water–glycerol mixture. To ensure uniformity of the dispersion, the
surface of the nickel nanorods was covered with polyvinylpyrrolidone (PVP). A 40–70 nm coating
prevented aggregation of the nanorods. These modiﬁcations allowed us to control alignment of the
nanorods in a magnetic ﬁeld and test the proposed theory. An orientational distribution function of
nanorods was introduced. We demonstrated that the 0.04% volume fraction of nanorods in the
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glycerol–water mixture behaves as a system of non-interacting particles. However, the kinetics of
alignment of a nanorod assembly does not follow the predictions of the single-nanorod theory. The
distribution function theory explains the kinetics of alignment of a nanorod assembly and shows the
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signiﬁcance of the initial distribution of nanorods in the ﬁlm. It can be used to develop an experimental
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protocol for controlled ordering of magnetic nanorods in thin ﬁlms.

Introduction
In recent years, magnetic nanorods have attracted great attention due to the breadth of applications their unique magnetic
and geometrical features open for medicine,1,2 sensors,3,4
optouidics,5,6 and microrheology.7–10 In particular, magnetic
nanorods oﬀer new opportunities in manufacturing of multifunctional composites with unprecedented magnetic and
mechanical properties.11–13 Composites with ordered nanorods
are especially attractive for diﬀerent high-tech applications.14,15
At the end of the last century, the problem of particle alignment
in liquid media was actively discussed in applications to
manufacturing of high-density recording lms and discs.16–18
However, the strategy for nanorod alignment in macroscopic
materials has not been developed and this remains the main
challenge in materials engineering and processing. This
problem requires understanding the kinetics of alignment of an
assembly of nanorods. It also requires the development of
advanced physicochemical methods of nanorod stabilization
against agglomeration. In this paper, we address these problems using nickel nanorods as a model. To ensure uniformity of
dispersion, the surface of nickel nanorods was covered with
polyvinylpyrrolidone (PVP). A 40–70 nm coating prevents
a
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aggregation of nanorods dispersed in a water–glycerol mixture.
An orientational distribution function of nanorods is introduced and then studied both theoretically and experimentally.
We show that the kinetics of alignment of a nanorod assembly
does not follow the predictions of the single-nanorod theory
and signicantly depends on the initial distribution of nanorods in the lm.

Theory
In the manufacturing of thin nanocomposite lms, nanorods
are aligned in the lm plane by applying an external magnetic
eld parallel to the lm surface. In this paper, only Newtonian
liquids with constant viscosity h are considered. We restrict
ourselves to the case of dilute dispersions in which the interactions between nanorods are weak and can be ignored. To
control the kinetics of nanorod alignment, one rst needs to
understand the kinetics of alignment of a single nanorod.

Kinetics of alignment of a single nanorod
The orientation of a single nanorod in an external magnetic
eld can be described using Cartesian coordinates as shown in
Fig. 1, where m is the magnetic moment, which lies along the
nanorod axis, and B is the external magnetic eld. Vector m
makes angle q with vector B, vector B makes angle a with the
x-axis, and vector m makes angle 4 with the x-axis. Thereaer,
nanorod orientation is dened by the orientation of its
magnetic moment m.
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Basic vectors associated with the magnetic nanorod and magnetic ﬁeld.

In most cases of composite manufacturing, inertial forces
play a minor role in nanorod dynamics.8,10 Therefore, balancing
the magnetic torque with the viscous torque, one obtains the
governing equation describing the nanorod rotation in the lm
plane:19–22
g4_ ¼ mB sinða  4Þ;

g¼

hl 3 p
;
3 lnðl=dÞ  A

Az2:4;

(1)

where g is the drag coeﬃcient, l is the nanorod length, d is its
diameter. The drag coeﬃcient was calculated based on the
model of an elongated ellipsoid with a high length-to-diameter
ratio. In this asymptotic case, the end eﬀects are not important.19 The nanorod is assumed to revolve only in the lm plane
without spinning around its axis. Generalization of this model
to a 3-D case would require introduction of additional drag
coeﬃcients.23 Assuming that the magnetic eld is directed
along the x-axis, i.e., a ¼ 0, and 40 is the initial orientation of the
nanorod at t ¼ 0, one can solve eqn (1) analytically:19–22

 

ð
1 4 d4
1 1  cos 40 sin 4 
mB
¼ ln
: (2)
t¼
;
b
¼
b 40 sin 4 b
g
1  cos 4 sin 40 
Solution (2) suggests that the dimensionless time T ¼ bt
for rotation of a nanorod toward its equilibrium orientation at
4 ¼ 0 depends only on the initial orientation of the nanorod,
T ¼ T(40). Eqn (2) cannot be directly used for estimation of the
time needed for complete alignment of the nanorod with the
eld: direct substitution of 4 ¼ 0 in eqn (2) results in a singularity, i.e., this time goes to innity, t / N.
Therefore, for practical applications of eqn (2), one can set a
criterion that almost complete co-alignment of a nanorod with
the eld will occur if its magnetic moment is pointing toward
the sector D4 < 4 < D4, |D4|  1. For example, taking D4 ¼
0.01, we obtain the behavior shown in Fig. 2. The curve in Fig. 2
species the dimensionless time T needed for a nanorod that
was initially oriented at an angle 40 with the x-axis, to get into
the sector 0.01 < 4 < 0.01. From this master curve, one can
estimate the time needed for a particular nanorod to nd its
equilibrium orientation. For example, a nanorod at 40 ¼ p/6
to the x-axis will take about T ¼ 4 dimensionless units, see the
dashed lines in Fig. 2. This implies that the dimensional time to
reach the equilibrium orientation 4 y 0 will be equal to t y 4/b
seconds (b is measured in 1/s),
It is noteworthy that the required dimensionless time varies
from zero to ten, implying that nanorods with magnetic
moments antiparallel to the eld would take almost ten times
longer to reach the equilibrium position than nanorods whose
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Fig. 2 Dimensionless time needed for a nanorod to reach its equilibrium
orientation as a function of the initial orientation of the nanorod 40. The dashed
lines help to understand the meaning of this master curve explaining the example
in the text.

magnetic moments start near the eld direction. This observation explains the challenge of ordering an assembly of
nanorods in the lm: one needs to set up a criterion for nanorod
alignment that will guarantee that all nanorods present will be
captured and aligned along the eld during nanocomposite
processing.
Kinetics of alignment of nanorods assemblies
It is natural to follow the rotation of a nanorod assembly by
introducing the orientational distribution function F:
dN(4) ¼ NtF(4, t)d4,

(3)

where dN(4) is the number of nanorods whose major axes are
oriented within the angle 4 and 4 + d4, Nt is the total number of
nanorods in the lm and F(4, t) is the distribution function.
According to this denition, the distribution function describes
the density of nanorods sitting within the angle 4 and 4 + d4.
If the nanorods are initially randomly distributed, the distribution function is constant, F(4, 0) ¼ 1/2p. If at a certain
moment of time tk, all nanorods were to point in the direction of
an external eld oriented at angle a with the x-axis, the
distribution function would transform into the delta function
F(4, tk) ¼ d(4  a). Any distribution function distinct from these
two limiting functions will describe a system of partially aligned
nanorods.
Fig. 3 illustrates random, normal and delta distributions of
nanorods in a eld applied in the direction of the positive x-axis,
a ¼ 0. The centers of mass of all nanorods were xed at the
nodes of a two-dimensional square lattice.
To describe the evolution of the distribution function with
time we employ the equation of particle conservation. The most
general form of this equation reads NtvF/vt + V$J ¼ 0. In our
particular case, when the nanorods are allowed to spin only in
the plane and are not engaged in translational movement, the
divergence operator is reduced to V ¼ v/v4 and the 4-component of the ux is dened as J4 ¼ NtFd4/dt. Thus, the governing
equation for the distribution function is written as
i
vF ð4; tÞ
v h
þ
Fð4; tÞ4_ ¼ 0:
(4)
vt
v4
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Fig. 3 Visualization of three diﬀerent distribution functions describing (a)
random orientation of nanorods F(4) ¼ 1/2p; (b) a normal distribution of
nanorod orientations F(4) ¼ (2/p0.5)exp(242), exhibiting partial alignment of
nanorods in the x-direction; (c) complete alignment of nanorods in the x-direction, F(4) ¼ d(4).

Fig. 4 (a) Dependence of F(p/8, t), F(p/4, t), F(p/2, t) and F(3p/4, t) as functions
of dimensionless time T ¼ bt; (b) proﬁle of distribution function F(4, t) at three
diﬀerent time moments t ¼ 0 s, t ¼ 0.3 s, and t ¼ 0.7 s.

Substituting eqn (1) into eqn (4), we obtain24

vF ð4; tÞ
v 
þ
F ð4; tÞb sinða  4Þ ¼ 0:
vt
v4

(5)

The diﬀerential eqn (4) describes the evolution of the
distribution function under an external magnetic eld directed
at angle a with respect to the x-axis. The evolution of F is
specied by the initial condition F(4, 0) ¼ 1/2p implying a
random orientation of nanorods at the rst moment of time.
Numerical analysis of this equation has been performed in ref.
24 for some particular examples. Here we show that eqn (5) can
be solved analytically by the method of characteristics.25
Following the trajectory determined by eqn (2), and choosing
a ¼ 0, the characteristic curve25 for eqn (5) is written as
dt ¼

d4
dF ð4; tÞ
¼
:
b sin 4 Fð4; tÞb cos 4

(6)

Integrating eqn (6) and taking into account the initial
condition F(4, 0) ¼ 1/2p, we obtain
Fð4; tÞ ¼

1
2C
;
2p ðC 2  1Þcos 4 þ ðC 2 þ 1Þ
C ¼ exp(bt).

(7)

(8)

All physical parameters are collapsed into a single parameter
b. Then, if one keeps the b-parameter constant, one should
observe consistent kinetics. For example, if one changes the
eld B and uid viscosity h keeping their ratio constant, the
kinetics should not change. As follows from eqn (7) and (8), as
time goes to innity, all nanorods tend to align in the direction
of the magnetic eld, F(4, N) ¼ d(0).
Fig. 4(a) illustrates the dependence of F(p/8, t), F(p/4, t),
F(p/2, t) and F(3p/4, t) as functions of the dimensionless time T.
Due to initial conditions, these functions start from the same
value, F(p/8, 0) ¼ F(p/4, 0) ¼ F(p/2, 0) ¼ F(3p/4, 0) ¼ 1/2p.
However, the evolution of these functions is very much
diﬀerent: we observe non-monotonous behavior of the distribution function with a maximum for the nanorods positioned
within a certain angle. One can specify this angle and time to
reach this maximum concentration by using solution (7) and
(8). The time at which the distribution function F(4, t) reaches
its maximum value is determined as vF(4, t)/vt ¼ 0, where F is
given by eqn (7) and (8). Calculating this derivative, we obtain
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1
1 þ cos 4
bt ¼ ln
:
2
1  cos 4

(9)

Because bt must be greater than zero, the argument under
the logarithm must be greater than one, implying that the
maximum is reached within the semi-plane (p/2, p/2).
As shown in Fig. 4(a), the population of nanorods within this
semi-plane rst increases and then decreases; the maximum is
observed within the time interval between T ¼ 0 and T ¼ 4.
Fig. 2 gives a hint for explaining this maximum. According
to this master curve, the majority of nanorods require time
4 < T < 6 to reach the equilibrium. The nanorods taking
much longer time, T > 6, and much shorter time, T < 4, to
reach the equilibrium are a minority. Therefore, the majority
of nanorods starting outside the semi-plane (p/2, p/2)
would pass this semi-plane within the time interval T < 4.
Therefore, if an observer were to watch the nanorods passing by
a certain sector 4 ¼ 4observer in the semi-plane (p/2, p/2), he
should be looking for a majority of nanorods crossing this
sector at a certain time t corresponding to the maximum of
F(4observer, t).
Fig. 4(b) illustrates the angular dependence of the function
F(4, t) at diﬀerent moments in time; three snapshots were taken
at the times t ¼ 0 s, t ¼ 0.3 s and t ¼ 0.7 s. The parameter b was
set as b ¼ 12.1 s1. One can see that the distribution function
gradually changes from a constant to a delta function. These
three distribution functions exactly correspond to the respective
states (a), (b) and (c) in Fig. 3.
In some applications, the full width at half maximum
(FWHM) of the distribution function is of interest.24 This
function can be found analytically as follows. According to
solution (7), the maximum correspond to F(0, t) ¼ 1/(2pC).
Therefore, the FWHM of the distribution is obtained as the
solution to equation cos 4 ¼ (1  3C2)/(1  C2), resulting in the
formula for the FWHM as
w ¼ 2arc cos

1  3 expðbtÞ
:
1  expðbtÞ

(10)

This explicit formula relates the physical parameter b with
the FWHM at diﬀerent time moments.
Analyzing the kinetics of alignment of an assembly of
nanorods, it is more convenient to deal with the probability
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P(4, t) to nd the nanorods positioned within a narrow angle,
[4  D4, 4 + D4]. This probability P(4, t) is dened as
4þD4
ð 4þD4
 0  0 1
tanð40 =2Þ 
Pð4; tÞ ¼
F 4 ; t d4 ¼ arc tan
: (11)

p
C
4D4
4D4
Due to this denition, the probability P(4, 0) ¼ D4/2p
corresponds to the initial random orientation of nanorods. As
time goes to innity, the probability goes to one, P(0, N) ¼ 1,
which means that all the nanorods can be found within interval
[D4, D4]. One can examine a critical probability P0 introducing it as follows: if P(0, t) > P0, i.e. if the total number of
nanorods positioned outside the interval [D4, D4] is negligibly
small (1  P0)  1, one can say that almost all nanorods are
aligned with the eld. Using this alignment criterion, we can
specify the time s needed to reach this level of alignment. One
can estimate this time by substituting P0 into the le hand side
of eqn (11) and solving for time s:
s¼

1
tanðpP0 =2Þ
ln
:
b
tanðD4=2Þ

Fig. 5

SEM image of nickel nanorods.

(12)

Insets in Fig. 4(b) specify the probability values showing
that almost complete alignment was reached within s < 0.7
seconds for the particular set of parameters b ¼ 12.1 s1 and
D4 ¼ p/100.

Experimental

Fig. 6 (a) Full hysteresis loop obtained from the 50 mg nanorod powder sample.
(b) Magnetization curve in 0–10 mT range showing linear magnetization
behavior.

Nanorod synthesis and surface modication
Nickel nanorods were synthesized inside pores of alumina
membranes (Whatman Ltd.) using an electrodeposition technique described in detail in ref. 5, 8, 10 and 26. We exactly
followed the procedure described in the supporting information of ref. 8. This experimental protocol enables one to produce
nanorods with a narrow size distribution (Fig. 5).
Applying 1.5 DC voltage for 12 minutes, we obtained nanorods of about 5 mm in length and less than 200 nm in diameter.
The magnetic properties of these nanorods were analyzed using
an alternating gradient magnetometer (AGM MicroMag 2900 by
Princeton Measurements Inc.). These nanorods are ferromagnetic; magnetic hysteresis of a 50 mg powder sample of electrodeposited nickel nanorods is shown in Fig. 6(a). In Fig. 6(b),
we plot the magnetization curve in the millitesla range of the
magnetic eld, which is less than the coercive force. In this eld
range, the average magnetization is linearly dependent on the
eld.
To improve the dispersibility of the nanorods, we formed an
adsorption layer of polyvinylpyrrolidone (PVP) on their surfaces
following the protocol in ref. 27. In brief, the alumina
membrane holding the synthesized nanorods was placed in 1 M
solution of sodium hydroxide containing 20 mg mL1 of PVP
(3500 Da). Aer complete dissolution of the membrane, the
nanorods were separated by decanting the solution and transferred into pure deionized water by several centrifugation–
decanting–dispersion cycles. TEM images (STEM-Hitachi
HD2000) conrm formation of the PVP polymer layer (Fig. 7).
The thickness of this layer varies in the range of 40–70 nm.

Soft Matter

The functionalized nanorods were dispersed in water. The
concentration of the nanorods in water was 0.04 wt%. One mL
of a water-based dispersion was centrifuged for 1 min at 10 000
rpm. Then water was partially replaced with 0.1 mL of pure
glycerol (Fisher Scientic Inc.). This dispersion was sonicated at
80  C for 15 minutes. Using a refractometer (Spectronic
Instruments 336410) we measured the amount of water
remaining in the vial. We centrifuge the sample again and
measure the refractive index of only the water–glycerol mixture.
It was found to be 1.4634 at 23  C, corresponding to a mixture of
93 wt% glycerol in water.28 The weight concentration of nanorods of the resulting dispersion was then estimated to be
0.3 wt%. A 1 mL drop of the glycerol–water mixture containing

Fig. 7 TEM images of a Ni nanorod covered with a PVP layer: (a) overall view and
(b) close-up.
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0.3 wt% of nanorods was placed on a glass slide and immediately covered with another glass slide to prevent evaporation of
water. Two glass slides were separated by two parallel 25 mm
bers, which provided a liquid lm thickness of 25 mm. The
visual appearance of polymer-stabilized nanorods in the glycerol–water mixture was signicantly better. Observation in the
dark eld mode (Olympus BX 51) detected no aggregation of
nanorods.

Published on 15 July 2013. Downloaded by Clemson University on 30/07/2013 19:06:44.

Alignment of nanorods in magnetic eld
To generate a magnetic eld, we used two magnetic coils placed
parallel to each other and xed under a BX-51 Olympus
microscope equipped with a SPOT videocamera (SPOT Imaging
Solutions, Inc.) The magnetic eld was measured using a digital
teslameter (133-DG GMW Inc.); and the eld in the center of the
optical cell was equal to 0.3 mT which is much weaker than the
coercive force shown in Fig. 6(b). Therefore, the model with
magnetic moment xed at the easy axis seems to be adequate

for description of the nanorod rotation. A schematic of the
experimental setup is shown in Fig. 8.
The video was recorded aer switching on the coils. The eld
was switched oﬀ only when all the nanorods were completely
aligned along the eld direction.
Nanorods start to rotate as soon as the eld is turned on and
stop spinning when the eld is switched oﬀ. The nal alignment of nanorods persists for a long time; small thermal uctuations in the nanorod position and orientation do not destroy
this orientation during the observation time. A video showing
the reaction of a single selected nanorod on the eld can be
found in the ESI (S1†). These observations support the model.
To analyze the kinetics of alignment of the nanorod assemblies, the video was transformed into a sequence of frames by
the VirtualDub soware (http://www.virtualdub.org). The
frames taken at time moments t ¼ 0 s, 1 s, 2 s, 3 s and 4 s were
saved for further analysis, Fig. 9. Analyzing ve frames, we
selected nanorods that were present in the observation
plane in all ve frames. Only nanorods having the same length
(l z 5 mm) were selected for the analysis. This selection allowed
us to follow the theory not considering the eﬀect of particle
polydispersity. Nanorods coming into and/or leaving the
observation plane during the observation period were not
counted.
Prior to the analysis of the distribution function, we determined the parameter b by following the rotation of individual
nanorods from the recorded video and tted each trajectory
using eqn (2) by adjusting the value of b. The experimental

Fig. 8

Schematic of the experimental setup.

Fig. 9

Five frames chosen for analysis of the distribution function; circled nanorods were tracked during the analysis.
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Fig. 10 (a) Nanorod trajectory (solid line) and the experimental points used for
extraction of the b-parameter using eqn (2); (b) b-parameters for ten nanorods.

values of the angle 4 as a function of time for individual
nanorods are shown in Fig. 10. The theoretical trajectory plotted
with b ¼ 0.75 s1 closely follows the experimental dependence.
Ten individual nanorods were tracked and the corresponding b-chart is shown in Fig. 10(b) providing an average value
of b ¼ 0.75  0.11 s1. The standard deviation is caused by
variation in the nanorod lengths and diameters; this can
be inferred from the explicit expression for the b-parameter
b ¼ MB[3 ln(l/d)  A][4h(l/d)2], where M is the saturation
magnetization of nickel. It is seen that the b-parameter is very
sensitive to the aspect ratio l/d. As the thickness of polymer
coating and nanorod length vary from one nanorod to another,
this parameter changes. Nevertheless, the standard deviation is
small suggesting that the average value is reliable, and the

Fig. 11

Paper
interactions between nanorods are not signicant. Observe that
most nanorods in Fig. 9 stay separated from each other conrming that the dispersion was stable and that interactions
between the nanorods were negligible.
These observations and experimental results on alignment
kinetics of individual nanorods support the hypothesis that the
nanorod colloid should behave as a system of non-interacting
nanorods. This hypothesis also agrees with Onsager's theory of
isotropic–nematic transition in a system of rigid nanorods.29,30
For the nanorods with diameters of 200 nm and lengths of
5 mm, the critical volume fraction for the isotropic phase is
numerically estimated to be Ciso ¼ 3.3  0.2/5 ¼ 0.132.30 The
density of a glycerol–water mixture containing 93 wt% of glycerol at 23  C is 1.24 g mL1.31 In a 0.3 wt% dispersion of nickel
nanorods (density of nickel is 8.90 g cm3) the volume fraction
of nickel nanorods is estimated to be 4  104, which is well
below the Onsager limit. Therefore, the nanorods are not
touching each other.
We further examined the hypothesis of non-interacting
particles by quantitatively evaluating the distribution function
and comparing it with the theoretically derived one. In the
analysis, we examined ve movies taking ve frames corresponding to the same time moments as those shown in Fig. 9.
Then we tracked 14 nanorods present in each frame resulting in
70 nanorods per chart as shown in Fig. 11.
Fig. 11 summarizes the results of this analysis. The histograms represent experimental data given in terms of the

Orientation distribution for nickel nanorods at t ¼ 0 s, 1 s, 2 s, 3 s and 4 s. Solid curves correspond to the theoretical curves.
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probability function P(4, t) dened by eqn (11). Experimental
histograms were constructed by counting the number of
nanorods N4 present in each sector (4  D4, 4 + D4) with D4 ¼
p/36 and normalizing N4 by the total number of nanorods Nt
present in all ve pictures. Then the histograms were tted with
eqn (11) by adjusting parameter C. For each frame, we have a
unique parameter C corresponding to the given shape of the
probability function. As seen from Fig. 11, the solid theoretical
curves agree well with the experimental results.
It is worth recalling that the theoretical model assumes that
the nanorods were randomly distributed in the rst moment,
F(4, 0) ¼ 1/2p. However, when the cover slide was placed on the
droplet, it caused some ow orienting the nanorods in the lm.
Therefore, the nanorods were not randomly distributed in
Frame 1, which we took as the initial moment. To satisfy the
initial condition of the model, we shied time to start at an
arbitrary t0 and followed the same form of C dened by eqn (8):
C ¼ exp[b(t + t0)].

(13)

With this denition of the C-function, the initial time
moment corresponds to t ¼ t0, a new adjustable parameter.
Fig. 12 shows the C-parameters corresponding to the snapshots
in Fig. 11. These C-parameters appear to sit on the same curve
dened by eqn (12) with parameters b ¼ 0.77 s1 and t0 ¼ 2.3 s.
The value of the b-parameter is very close to the value obtained
by tracking individual nanorods and using eqn (2) to t the
data, Fig. 10. This conrms that the nanorods do not interact
with each other.
Double checking the results, one can calculate the time
needed to reach the equilibrium conguration setting the
criterion P0 ¼ 0.9 and D4 ¼ p/36 in eqn (11) and using Frame
5 in Fig. 9 as the nal state. For a colloid with parameters
b ¼ 0.77 s1 and t0 ¼ 2.3 s, this time s was calculated from eqn
(11) as s ¼ 6.5 s. The duration of ve frames is therefore estimated to be s  t0 ¼ 6.5–2.3 ¼ 4.2 s, which matches the
experimental value of 4 s. Thus, the proposed theory describes
the experimental observations fairly well, suggesting that the
nanorods do not interact with each other and that their alignment kinetics depends on the initial distribution.

Fig. 12 A set of C-parameters extracted from Fig. 11. The solid curve shows the
exponential function (13).
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Conclusions
We describe the alignment kinetics of an assembly of noninteracting magnetic nanorods suspended in a Newtonian uid
with constant viscosity h and subject to an external magnetic
eld B. It has been shown that the alignment kinetics is
controlled by a single parameter b. We theoretically predicted
and experimentally conrmed that one can control the alignment of an assembly of nanorods by choosing the parameter b
and time of application of the external eld. Experiments with
nickel nanorods covered with 0.3 wt% PVP in a glycerol–water
mixture supported the theory.
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