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ABSTRACT

This Dissertation is focused on the development of new methods for characterization
and control of fluid rheology using magnetic nanorods. This Dissertation consists of
five chapters. In the first chapter, we review current microrheologial methods and
develop a Magnetic Rotational Spectroscopy (MRS) model describing nanorod
response to a rotating magnetic field. Using numerical modeling, we analyze the
effects of materials parameters of nanorods and fluids on the MRS characteristic
features. The model is designed for a specific experimental protocol. We introduce
and examine physical parameters which can be measured experimentally. The model
allows identification of MRS features enabling the calculation of fluid viscosity. The
MRS of Non-Newtonian fluids with exponentially increasing viscosity is discussed

for the first time.

In the second chapter, we review the techniques for magnetic nanorods synthesis. We
describe a setup and experimental protocol to synthesize nickel nanorods with the
desired geometrical properties, in particular, with the controlled length to diameter
ratio. We review magnetic systems used for manipulation of magnetic nanoparticles.
A multifunctional magnetic rotator is introduced and described in detail in this
chapter. We believe that this multifunctional magnetic system will be useful not only
for micro and nanorheological studies, but will find much broader applications

requiring remotely controlled manipulation of micro and nanoobjects.



In the third chapter, we describe the MRS experiments and use the model developed
in the first chapter for characterization of magnetic properties of synthesized nickel
nanorods. The same setup is used to measure viscosity of microdroplets. We show
that the diffraction pattern from the suspension of nickel nanorods aligned in a
magnetic field can be rotated by a spinning magnetic field. This effect opens up an
opportunity for the MRS using much smaller nanorods. Another practical application
of the controlled diffraction patterns is discussed: the use of this pattern in medical
optofluidic devices producing stationary illuminating spots, for example, in

endoscopes.

In the fourth chapter, we report on a new MRS method which can be used for the in-
situ (or in-vivo) rheological measurements of fluids and polymer systems when the
fluid viscosity increases exponentially with time. We use this method to measure the
exponential change of the viscosity of HEMA (2-hydroxyethyl-methacrylate)
undergoing photopolymerization. Remarkably, an exponential increase of viscosity
can be traced beyond the point when the polymer system undergoes transition to a gel
and the gel domains start to appear. We expect that this method will open up new
horizons in the quantitative rheological analysis of fluids inside living cells,

microorganisms, and aerosol droplets with thickeners.

In the fifth chapter, we describe a physical principle of self-assembly of magnetic
nanorods into droplets of different sizes. These droplets can be formed on demand
using magneto-static interactions between magnetic nanorods and a magnetic field
gradient. We theoretically and experimentally confirmed that the cluster of nanorods



at the top of the droplet is acting as a cone-shape solid body deforming the top part of
the droplet when moving towards the magnet. The developed model allows one to
selectively concentrate a finite amount of magnetic nanorods at the free surface and

print multiple microdroplets on demand.
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1 MAGNETIC ROTATIONAL
SPECTROSCOPY WITH
NANORODS TO PROBE

RHEOLOGY OF FLUIDS AT
MICROSCALE

1.1 Literature review on magnetic nanorods in
microrheological applications

Many polymers and biofluids rapidly react on the environmental conditions by
changing their rheological properties[1]. Rheology of polymer solutions/gels (e.g.
hazardous fluids containing thickeners) and biofluids depends on the concentration,
level of cross-linking, oxygen content, temperature, pH, and many other
environmental parameters. In biofluids such as cellular, mucosal and tissue fluids, the
fluid viscosity changes over time making it challenging to quantify and analyze these
changes. Drastic thickening of fluids in a short time interval often results in far-
reaching consequences, for example, sickle cell disease results in the increase of the
cytosolic viscosity inside the red blood cells [2, 3], polymerization of fibrinogen leads
to fibrin clot formation and wound healing [4-6], etc. In polymer/biomedical
engineering, fast polymerization processes are frequently used in different
applications,  for  example, by HEMA  (2-hydroxyethyl-methacrylate)
photopolymerization, one can make contact disposable lenses [7-10]. Alginate and
other polysaccharides, gelling in fractions of a second, are used for manufacturing
fibers and films [11].These broad applications and abundance of rapidly gelling

systems call for the methods of their analyses and characterization. The physics of
1



nucleation and the associated rheological fingerprints of the gelation process are

hidden at the nanoscale and almost indistinguishable at the microscale.

A number of the microrheological methods were recently developed to study the
rheology of fluids at microscale level [12-14]. These methods are summarized in Ref.
[15]. Typically, a probe in a form of a solid particle is used and one measures its
response to the thermal fluctuations (passive microrheology [14]) or to the external
field, for example, magnetic field (active microrheology [13]). Active microrheology
was used to study the rheological properties of different fluids [16-18]. Magnetic
rotational spectroscopy (MRS) is a part of active microrheology where magnetic
nanorods with unique rotational features deserve special attention [19-25]. First
synthesis of rod-shaped magnetic nanoparticles was reported by Possin in 1970 [26].
While the interactions and applications of spherical particles were studied by many
groups, the rod-like nanoparticles drew research interest only in recent years [21, 27-
46]. Magnetic nanorods have several advantages over traditional spherical
nanoparticles. High magnetization of magnetic nanorods allows one to control the
nanorod orientation using moderate magnetic field. Additionally, nanorod solidity
provides an easy way to manipulate the nanorod as a whole unit while chains formed
by spherical particles are not stable in moving and rotating magnetic fields [47].
Properties of the template synthesized nanorods can be varied by changing the
composition of the layers along its length during the electrochemical deposition of
different metals into the pore of a template [48-56]. All these opportunities look
attractive for applying nanorods in a lab-on-a-chip sensor, in particular, for
rheological analysis of fluids given in a small amount. Ref. [30] reports that the

2



nickel nanorods do now show short term toxicity (<100 h) when embedded inside the
living cells which makes them ideal candidates for in vivo microrheological

measurements inside the living cells.

In the last decade, most attention has been paid to the development of MRS for simple
Newtonian fluids. The available rheological techniques fall short to provide a viable
information about the in vivo physico-chemical reactions and gelation mechanisms in
the real time[1] especially when the amount of liquids is limited to microdroplets[3,

57].

In this Chapter, we describe a theoretical model which can be used to study
rheological properties of both Newtonian and non-Newtonian fluids at microscale
level. This chapter is organized as follows. We first introduce analytical and
numerical models describing the nanorod rotation in liquids with constant viscosity.
We describe an experimental protocol which can be coupled with our theoretical
model and used for the microrheological measurements. We then use these models to
theoretically predict the behavior of magnetic nanorods in rotating magnetic fields of

different frequencies in liquids with different viscosities in the range of 0<7 <10000

mPs*s. Moreover, we study the effects of materials parameters such as magnetic and
shape factors of nanorods. Then we modify our numerical model to predict the
nanorod behavior in non-Newtonians fluid with exponentially increasing viscosity.
We present a full numerical analysis and summarize the results in a form of a phase
portrait which can be used to study the system behavior at different conditions

depending on the initial angle between the nanorod and the magnetic field, initial

3



viscosity of the liquid, aspect ratio and diameter of the nanorod, its magnetic
properties, frequency and magnitude of magnetic field. We conclude with a summary

of our findings.

1.2 Analytical and numerical analysis of nanorod rotation
in liquids with constant viscosity

1.2.1 Derivation of the basic equation [58], [59]

Consider a magnetic nanorod suspended in a liquid. A rotating magnetic field is
applied to this system. Rotation of a magnetic nanorod is shown in Figure 1.1 where

we introduced different angles specifying the nanorod rotation.

Figure 1.1 Counter 2D clockwise rotation of the nickel nanorod (d=200nm in diameter).
Uniform magnetic field rotates with constant frequency f=0.5Hz forcing the nanorod to
follow it.



The angle « specifies the direction of applied magnetic field B with respect to the
reference axis X. Since the applied field rotates at the constant rate, this angle depends
linearly on time, o = 27 ft, where f is the frequency of the rotating magnetic field. We
assume that the magnetization vector M is directed parallel to the nanorod axis. The
drag force resists the nanorod rotation causing the nanorod to lag behind the field,
making angle & with vector B (Figure 1.1). In order to derive an equation governing
the nanorod rotation, it is convenient to count its revolutions with respect to the fixed
system of coordinates, i.e. with respect to the X-axis. Therefore, if the nanorod axis

makes angle ¢(t) with the X-axis, this angle can be connected with «(t)and &(t) as

o(t) = 27 ft—O(t).

The torque balance equation reads (yd(p/dt)ezMxB, where y is the drag

coefficient, and e is the unit vector directed perpendicularly to the plane of the

nanorod rotation [60, 61]. Substituting the definition of angle ¢(t) through the angles

a(t), and 4(t) the governing equation takes on the following form [21]:
;/[an —(:j—f)szsin 0, (1.1)

where m is the magnetic moment of the nanorod. The drag coefficient » depends on

the nanorod length |, its diameter d and liquid viscosity »
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where A~ 2.4 is a constant calculated in Ref. [62].

1.2.2 Analytical solution of the basic equation. Comparison with a

numerical example

Integrating Eq. (1.1) , we find an implicit 6(t) dependence as

1 2arctan(k /v1-k?)

t=—

C, (1-k?)

where k=C,/C,, C, =2z ,C,=mB@In(l/d)-A)/nl’z

—2arctan((k — tan(g)) (1.3)

Equation (1.1) was also solved numerically by variable order method using MatLAB
function ODE15i. Nanorod with length 1=6.6 um and diameter d=0.2 um in ethylene
glycol with viscosity 7 = 16-10°Pa-s was used as an example. The magnetization was
set as m=2.25*10"* A*m? and magnetic field was set as B=0.0015 T. The results of
the analytical and numerical solutions 6(t) at the frequency of driving field f=1Hz are

presented in the next figure:
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Figure 1.2 Numerical and analytical solutions of the Eqg. (1.1) for the angle @ at
frequency of driving field f=1Hz.

The magnetic field is rotating with the 1 Hz frequency and its rotation is shown as a
solid line in Figure 1.2. The analytical solution of Eq. (1.1) is shown as a solid line
with the circular markers and the numerical solution is shown as a solid line with the
diamond markers. As seen from Figure 1.2 , both numerical and analytical solutions
are in an excellent agreement. After about 0.2 seconds from the beginning of the
rotation process, the angle @ stops changing, implying that the nanorod picks up the
driving frequency of the magnetic field and keeps rotating synchronously with the
=19°with it.

field making angle 6,

teady

When the frequency of driving field increases up to f=4Hz, the nanorod behavior

changes drastically, Figure 1.3 (a): one observes a periodic solution.
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Figure 1.3 (a) Numerical and analytical @ -solutions of Eq. (1.1) when the frequency of
the driving field increases to f=4Hz, (b) ¢ -solution, ¢(t) =2z ft—6(t).

This periodic solution has an interesting consequence: the ¢ - solution show in
Figure 1.3 (b) that corresponds to the behavior of angle ¢ that the nanorod makes
with the X-axis, (Figure 1.1), acquires a periodic component as well. The ¢ - angle is

still increasing with time, i.e. the nanorod keeps revolving about its center, but on the
8



background of continuous revolution, the nanorod starts to oscillate. The derivative
de/dt periodically changes the sign. The period of each nanorod revolution is
different from the revolution time of the magnetic field. Thus, one can say that the
nanorod rotates asynchronously with the field. This critical driving frequency fc,
specifying the frequency at which the nanorod cannot be picked up by the field
anymore, is a very important parameter depending on the fluid viscosity, nanorod

characteristics and the magnitude of the applied magnetic field.

1.2.3 Full analysis of the basic equation. Phase portrait.

It is convenient to introduce the dimensionless parameters by rewriting Eq. (1.1) as:

27171199 ) _gino, (1.4)
mB 27 fdt

A new dimensionless parameter V characterizes the strength of the drag torque with
respect to the magnetic torque:

vt (1.5)

The denominator of Eq. (1.5) provides an upper estimate of the magnetic torque. The
numerator provides an upper estimate of the drag torque assuming that the nanorod

revolves with the frequency of applied field.

V|1l- do =siné, (1.6)
27 fdt

Introducing dimensionless time T =27 ft, we obtain



de 1 .
T :\7(\/ —sin o), 1.7)

Thus, only a single V-parameter carries all information about the materials properties
of the nanorod and the fluid. Changing the V-parameter, we can plot a set of

trajectories of Eq. (1.7).
2

1.5]

B(rad.)

0.5}

Figure 1.4 Integral curves of Eq. (1.7) showing the solution behavior for different
parameters V (1,d, 7, B,m, f) at different initial conditions 6. (a) V<1. (b) V>1.

10



Effect of V — parameter. VV<1. The dashed and dotted lines in Figure 1.4 (a) show the
behavior of angle @ with time when the V-parameter is less than one, VV =0.9, V=0.4
< 1, and the magnetic torque is stronger than the viscous drag. Initially, the nanorod

and magnetic field are co-aligned, g, =0. It can be seen that the angle & increases
and then stops changing. From this moment on, the nanorod starts rotating

synchronously with the field making constant angle 0,

with it. The greater the

parameter V, the greater the constant 6., -

According to Eqg. (1.5), the V — parameter
can be increased by increasing the fluid viscosity or decreasing the field strength.

Therefore, the changes of viscosity or magnetic field can be traced through the change

of @

steady *

Effect of initial nanorod orientation. VV<1. The solid line in Figure 1.4 (a) corresponds

to initial condition g, =2. In this case, the magnetic force is stronger than the viscous

drag, but the initial angle between the nanorod and the field is greater than 7 /2.
According to Eq. (1.7), this initial condition makes the right hand side negative, i.e.
the angle & decreases in first moments of time. Magnetic field moves in positive
direction, i.e. in the counter clockwise direction toward the direction where the initial
magnetic moment is pointing to. On the other hand, the magnetic torque always turns
the nanorod toward the field direction. These two simultaneous movements result in a

decrease of angle #. When angle @ reaches the value V = sin @, the derivative in Eq.

(1.7) goes to zero and the angle reaches its steady state value 6. Thus, for V<1,

steady *

the initial orientation of the nanorods has no influence on the steady state angle 6.,
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An interpretation of the theta-solutions becomes easier when we look at angle ¢ that
the nanorod makes with the X-axis, ¢(t) =27 ft —6(t) (Figure 1.1). This angle can be

measured experimentally by directly following the nanorod rotation with a camera

and a microscope.

Figure 1.5 shows the behavior of ¢ -solutions corresponding to the nanorod

trajectory. Ethylene glycol is used as a carrying fluid. The angle ¢ was calculated as

p(t) = a(t)-6(1):

12
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Figure 1.5 (a) The ¢ -solutions of Eq. (1.7) for different driving frequencies of magnetic

field. The upper straight lines correspond to the change of « -angles with frequencies f
= 1Hz (straight solid line), f = 2Hz (straight dashed line) and f = 3Hz (straight dotted
line). The corresponding ¢ -solutions are marked with different symbols. The nanorod

rotates synchronously with magnetic field at these frequencies, (b) the ¢ -solutions of

Eq. (1.7) for different driving frequenciencies of magnetic field. The upper straight lines
correspond to the change of alpha-angles with frequencies f=4Hz (straight solid line),
f=5Hz (straight dashed line) and f=6Hz (straight dotted line). The corresponding ¢ -

solutions are marked with different symbols.

Figure 1.5 (a) shows a series of numerical solutions of Eq. (1.7). These ¢ - solutions

are asymptotically linear functions of time: the slopes of solid lines and the

13



corresponding lines with markers are the same and are equal to the frequency of the
driving field and the frequency of rotating nanorod, respectively. These solutions
describe a synchronous rotation of the nanorod with magnetic field when the nanorod

makes a constant angle with the field direction during this rotation.

This numeric analysis suggests that when parameter V is smaller than one and
magnetic torque dominates the drag torque, one can have a time independent solution
of Eq. (1.7). The trajectories in Figure 1.5 (a) have constant asymptotes describing
this type of solutions when the nanorod is picked up by magnetic field and rotates
synchronously with the field. The phase lag between the field and nanorod becomes

constant when derivative d@/dT becomes zero. In this case, Eq. (1.7) is simplified to

y2xf =mBsin 6,

steady *

(1.8)

Solving this equation for 6

eady » WE NOtice that the solution exists if and only if the

rotation frequency f is below the critical frequency [21, 61] :

f=—" (1.9)

Expressing the magnetic moment through the material magnetization M, m = My,

where

(1.10)



is the nanorod volume, and combining equations (1.2) and (1.9), we notice that the
dimensionless critical frequency fy does not depend on the particular size of the

nanorod, but only on the nanorod aspect ratio:

8o f 3In(d]—2.4
fo=e (1.11)

Indeed, the viscous torque in Eq. (1.1) is proportional to I*, while the magnetic torque
is proportional to d’l. Thus, these two torques compensate each other and the length
scale is cancelled leading to a universal dependence(1.11). Figure 1.6 illustrates the
dependence of dimensionless critical frequency f; on the nanorod aspect ratio.
Understanding this universal behavior of nanorods is important for practical
applications: the rheological properties of very small droplets can be studied at a fixed

frequency by adjusting the aspect ratio of the nanorods.
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Figure 1.6 Dependence of dimensionless critical frequency fy on nanorod aspect ratio. V
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Three lines in Figure 1.4 (b) show the behavior of angle & with time when the viscous
drag is greater than the magnetic force and the nanorod cannot follow the applied
magnetic field. When the V-parameter is greater than one, the solutions do not have
any linear asymptote as time goes to infinity. All solutions change periodically: the
right hand side of Eq. (1.7) is a periodic function of &, hence the time derivative on
the left hand side is also a periodic function. This behavior is illustrated by our
numeric example when we increase the frequency up to f=4Hz. The linear solutions

are turned into the oscillating solutions in Figure 1.5 (b).

This theoretical analysis suggests that the nanorod behavior in a rotating magnetic
field significantly depends on the revolution rate of magnetic field. One can
distinguish synchronous rotation from asynchronous one by changing the rotation rate
of the magnetic field. The critical frequency is an important parameter which is easy

to measure experimentally by detecting a moment when the nanorod starts oscillating
16



and slows down its rotation while the operator increases the frequency of the driving
field. Obtaining this parameter from experiments, one can infer the viscosity of the
surrounding fluid by solving Eg. (1.1) numerically or analytically and therefore,
knowing the critical frequency and geometrical parameters of the nanorod, one can
measure either fluid viscosity (provided that the magnetic moment m is known) or the
nanorod magnetic moment (provided that the fluid viscosity is known) [21, 22]. This
method was used to calculate magnetic properties of nanorods and to measure
viscosity of liquids in microdroplets [22]. Experimental protocols and calculations are

described in Chapters 3 and 4.

1.2.4 Effect of materials parameters

In order to use the magnetic rotational spectroscopy method for the rheological
analysis of fluids at the microscale level, a dependence of V-parameter on materials
properties should be analyzed. Estimating the volume covered by a 5 um long and 0.2
um thick nanorod as 1pL, one concludes that the MRS is able to evaluate the
rheological properties of droplets as small as 1pL. Nanorods with the desired
geometrical properties can be produced by template-assisted -electrochemical
deposition method [22, 63-65]. The nanorod synthesis is described in details in
Chapter 2. Nanorods are formed in the pores of the template by electrodeposition of
the metal from the counter electrode. Nickel, cobalt, iron and ferrite are the most used
materials for nanorods synthesis [26, 39, 41, 66-75]. Typically, the nanorods are
formed in membanes with 0.2, 0.4 or 1 um pore diameters. The pore diameter defines
the diameter of the nanorods. By varying the time of electrodeposition, it is possible

to produce nanorods with aspect ratio I/d in the range of 4<1/d<200.

17



First, we analyze a dependence of V-parameter on aspect ratio of magnetic nanorod in
the range of 4<1/d<100 because nanorods with aspect ratio greater than 100 are very
brittle and can be broken in a rotating magnetic field. Nanorod was assumed to be a
single-domain particle with a magnetic moment equal to m = Myv, where My is the
saturation magnetization of the material and v is the particle volume. Table 1.1

provides the values of saturation magnetization M for the most popular materials:

Table 1.1 Values of saturation magnetization Ms for the most popular magnetic
materials used for nanorods synthesis.

Substance Magnetization M; (*10° A/m)
Fe(lron) 1707

Cobalt(Co) 1400

Ni(Nickel) 485

Ferrite (Fe3Oy) 480

By substituting Egs. (1.2) and (1.10) in Eg. (1.5) we obtain the following equation

showing the dependence of VV-parameter on different parameters of the system:

V= 2yt 8nf ((Ij_)2 (1.12)

mB 3MB(In((Ij) _A)

Once again, the V-parameter appears independent on the nanorod size: only the
nanorod aspect ratio affects its value. The V-parameter was calculated for nickel
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nanorods with different aspect ratios (4<l/d<100) suspended in ethylene glycol
(n=16.1 mPa*s) rotating in magnetic field B=0.0015. Such field can be generated by
small, inexpensive, commercially available magnetic coils [12, 21, 24, 76-83]. The
results for two frequencies of driving magnetic field (f=3,4) are presented in the next

figure:

0 20 40 60 80 100
Aspectratio, I/d

Figure 1.7 The dependence of V-parameter (Eq. (1.12)) on the nanorod aspect ratio. (a)
Frequency of rotating magnetic field f=3, viscosity of the fluid #=16.1 mPa*s (ethylene
glycol), magnetic field B=0.0015T, nanorod material — nickel, (b) frequency of rotating
magnetic field f=2, all other parameters are the same.
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The V-parameter increases with the aspect ratio because the numerator in Eq. (1.12)
IS getting larger as the drag torque increases, Figure 1.7 (a). The solid horizontal line
in Figure 1.7 (a) defines two regions: the first one is where V<1 and the nanorod is
rotating synchronously with magnetic field. This region can be used for viscosity
measurements: applying the rotating magnetic field at f=3Hz and then increasing the

frequency of the field up to f,; one can measure the critical frequency.

The second region lies above the V=1 curve. In this region, the nanorod either rotates
asynchronously with the field or does not revolve at all. In Figure 1.7 (a) the
frequency is equal to f=3Hz and in Figure 1.7 (b) it is f = 2Hz. At the f=3Hz
frequency of driving field there is a region for nickel and ferrite nanorods where they
cannot be used for rheological measurements (Figure 1.7 (a), aspect ratio 1/d>80,
V>1). From this analysis we can conclude that the nanorods with low aspect ratios are

better to use for rheological measurements in fluids with low viscosities.

In order to test the nanorods behavior at higher viscosities we took glycerol as an

example of liquid with high viscosity (n=1200 mPa*s). The dependence of V-

parameter on the aspect ratio of nanorods for glycerol is plotted in the next figure:
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Figure 1.8 The dependence of V-parameter on the aspect ratio of nickel nanorod in
glycerol (n=1200 mPa*s) in rotating magnetic field B=0.0015T.

The nickel and ferrite nanorods can be used for viscosity measurements only if the
aspect ratio is lower than 16 corresponding to the region where V<1. Nanorods with

aspect ratios up to 40 can be used if they are made from iron and cobalt.

In order to design a method for rheological measurements at the microscale we

analyzed our model at different viscosities. Table 1.1 provides viscosities of some

liquids of interest:
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Table 1.2 Viscosities of some liquids of interest.

Liquid Viscosity (cp=Mpa*s)
Ethanol 1.74
Corn syrup 1380
Glycerol 1200

Molten glass >10000

Ethylene glycol | 16

Castrol oil 1000

First, we analyzed the dependence of VV-parameter on the viscosity of carrying fluid 7.
This parameter is linearly proportional to the viscosity and behavior of parameter V

for nanorods rotating in fluids with 0<n<1500 mPs*s is presented in Figure 1.9 (a):
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Figure 1.9 The dependence of V-parameter on the viscosity of carrying fluid for
nanorods with aspect ratio 1/d=15 (a) magnetic field B=0.0015T (b) magnetic field
B=0.01T

The nickel and ferrite nanorods can be used to probe fluids with viscosities up to 600
mPa*s in the region where V<1; the iron and cobalt nanorods can be used to probe

fluids with higher viscosities, up to 1500 mPs*s using the magnetic field B=0.0015T.
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In order to probe fluids with viscosities up to 10000 mPa*s, the magnetic field should
be increased thus decreasing the V-parameter, Eq. (1.12). When the magnetic field is
raised up to 0.01T (Figure 1.9 (b)) it appears possible to probe fluids with viscosities
up to a 10000 mPs*s with a nanorod made from any magnetic material from the Table

1.1 if it has the aspect ratio 1/d=15

1.3 Numerical analysis of nanorod rotation in liquids with
exponentially changing viscosity

When the liquid viscosity is not constant, we cannot use Eq. (1.1) anymore. In this
case, the drag coefficient is changing in time because of the viscosity change. We
used UV polymerization of HEMA as a system with a time dependent viscosity. The
HEMA viscosity exponentially increases during free radical (three-dimensional UV)
polymerization in the presence of the cross-linker DEGDMA (diethylene glycol
dimethacylate) [7]. The gel point for the system can be reached in 60-200 seconds
depending on the DEGDMA concentration [7]. The time dependent viscosity of many
monomers undergoing polymerization is typically described by the following
equation [7], [9]:

t

T
n(t) =nee (1.13)
where 7, is the initial viscosity of monomer solution, t is the time and z is the
characteristic time of polymerization. This characteristic time is considered as a

phenomenological parameter of the polymerization process [7], [9]. In Figure 1.10,
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we plot relative viscosity 7(t)/7, (bulk measurements from Ref. [7]) of HEMA

undergoing photopolymerization for the different power of the UV irradiation[7].

200 T

«««E-+ T=5.8s (W=40 mW/cm?)
Iil T=34.5s (W=0.25 mW/cm®)

8: 150 [.51

S :

2z &

8 100f &

0 :

S .

o B

= :

s ©| F

o :

O =t : . N
0 50 100 150 200

Time,(s)

Figure 1.10 Viscosity change during UV photopolymerization of HEMA with 1.86wt%
concentration of the crosslinker corresponding to 7 =5.8 sand 7 =34.5s.

It can be seen that these measurements are well fitted by the exponential curves with
different characteristic time = (Eq. (1.13), 7 =5.8s for the UV irradiation with W=40
mW/cm? power and 7 =34.5s for the UV irradiation with W=0.025 mW/cm? power).
The physics of exponential thickening of fluid via three-dimensional polymerization

is not completely understood, yet some key mechanisms leading to this effect have

been identified [10].

In order to assess the polymerization kinetics using rheological data, it is therefore

imperative to correlate the kinetic parameters with the rheological parameters 7, and

7 . The existing basic MRS model does not take into account the time dependence of
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the fluid viscosity. When the viscosity of liquid is increasing exponentially in time

drag coefficient changes as:
t

770e7|37z

"0 an(a)-a

(1.14)

Hence the analysis of Eqg. (1.1) deserves special care. We analyze this case by

introducing the dimensionless times T =2z ft andT, =2z fz. Then Eq. (1.1) can be

rewritten as: ge'™ (1—d@/dT) =sin(g), where

B nl*2r f
~mB@In(1/d)-A)

(1.15)

After making this nondimensionalization, all physical parameters of our problem
collapse into two dimensionless complexes, £ and T,. The dimensionless parameter
S describes all possible scenarios of the nanorod rotation: assume first that the drag
force is much greater than the magnetic torque. This implies that the dimensionless
parameter beta is much greater than one, £ >>1. Hence, as follows from the
governing equation, (1-d@/dT)=(1/B)e "™ sin(@) ~0,or &~T,i.e one would not
expect any rotation of the magnetic nanorod. In other limit, when the drag force is
much smaller than the magnetic torque, the beta-parameter is much smaller than one,
[ <<1. As follows from the governing equation, Se"’™(1—d@/dT)=sin(6), one

would expect to observe the nanorod rotation until the left hand side is smaller than

one.
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For complete analysis of the nanorod rotation, it is convenient to introduce new
auxiliary function U = ge"™. Then Eq. (1.1) is rewritten as a system of two first

order differential equations,

d@/dT =1-sin@/U,

1.16
du /dT =U /T,,. (1.16)
Dividing the first equation onto the second, we obtain,
de T, .
—=—2-(U —sin®). 1.17
TYRRIE ( ) (1.17)

Equation (1.17) allows one to perform a complete analysis of the nanorod dynamics
depending on the viscosity, nanorod magnetization, magnetic field, and initial
conditions. According to the definition of function U, the initial condition for this
function readsU (0) = B . Therefore, in the plane (U, &), each vertical line U(0) =4

corresponds to a continuous set of initial angles 8(0) = 6,. Equation (1.17) has many

solutions, but the nanorod dynamics is described by a single solution corresponding to

a finite interval.

1.3.1 Dynamics of nanorods starting rotation at ¢(0)=0.
For an interpretation of the images of rotating nanorods, we need to follow the ¢(t)-

dependence. Therefore, we rewrite the torque balance equation in the following form

y(t)de/dt=mBsin(2z ft—¢). As an initial condition, we can always choose
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¢(0) =0 implying that the nanorod is initially aligned with the field. The right hand
side of this equation is positive within the time interval t <t_, where t_ is the first root
of the equation 2z ft, —(t,) =0. This root is well defined for eachz : it corresponds
to the first maximum of function ¢(t). In Figure 1.11 (a) we show the behavior of the

nanorod with length 1=5 pum, diameter d=0.2 pum, initial viscosity of the HEMA

solution 7,= 2.7 mPa-s, magnetic field B= 0.0015 T, and frequency of the rotating

field f=0.5Hz.
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Figure 1.11 (a) Numerical solutions for ¢, « and € as functions of the number of

turns, N=t-f , of a nanorod. The inset shows oscillating behavior of a nanorod which is
about to stop its rotation after N ~ 11 revolutions, (b) the dependence of the critical
number of turns of a nanorod on parameter g
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In Figure 1.11 (a), the nanorod revolves seven times at the frequency of rotating field
and the dashed and solid lines corresponding to the field and nanorod rotation angles,
respectively, coincide. On the other hand, the dash-dot line corresponding to the & -
angle stays zero. Thus, during this rotation period the field and magnetization are
oriented parallel to each other. After seven turns, the slope of the solid line changes
implying a gradual decrease of the rotation rate from 0.5 Hz to 0.45 Hz. It can be seen
from the graphs that the nanorod (¢) follows the rotation of the field (« ) for about
N¢=11.17~11 revolutions. After N turns, the derivative of @(N) changes the sign
from positive to negative and the nanorod sways back about 45°. After that, the
nanorod rotates back and forth with decreasing amplitude and then completely stops
at N~15. In experiments, N¢. can be found by measuring the time (or number of
turns) that the nanorod takes on before it sways back for the first time. In Figure 1.11

(b), we plot the dependence of this critical parameter N, as a function of T, and .

One can infer from these dependencies that the number of turns significantly
decreases as the initial viscosity increases and as the external field increases. This
analysis suggests an experimental strategy for the investigation of rheological
properties of polymeric fluids during polymerization. That is, one needs to measure
Ng and use 7 as an adjustable parameter to fit the experimental N with the

theoretical one.

1.3.2 Dynamics of nanorods starting rotation at arbitrary angle 4,.

There are three possible scenarios of nanorod rotation starting at an arbitrary angle g, .

The results of numerical analysis of Eq. (1.17) are summarized in a form of the phase
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diagram shown in Figure 1.12. The initial conditions satisfying the inequality

U, =<1 correspond to the case when the magnetic torque is stronger than that

caused by the viscous drag. The shaded region under the curve U =sin@ corresponds
to the conditions that cause the rod to sway toward the field direction at the initial
instants of time. When the viscous drag takes over, the rod slows down its rotation
and eventually stops. Since magnetic field keeps revolving, the angle 8(U) increases
with each revolution even if the nanorod is not moving. Therefore, the integral curves
coming out from the shaded region first decrease, form minimums at curve U =siné,

and then turn up to increase.

This behavior can be easily observed experimentally by first aligning the nanorods
with a bias field and then applying the rotating field which is directed perpendicularly
to the nanorods at t=0. Therefore, the initial condition for this experiment is stated as

6,=n12. The time when the nanorods form the minimum angle &, with the
rotating field can be thus obtained as Be™n'™ =sing_ or T =2afzIn(sing,, /p).

Since 6, and T_  are well defined experimentally, one can infer the = parameter

from this relation.

Numerical analysis shows that all curves coming out of the shaded region, first pass a
minimum, then find their way to move at a close proximity of curve (A). When U is
large, U >>1, Eq. (1.17) can be integrated to give & =T InU , which means that angle
@ increases linearly with time. These asymptotics explains why all integral curves run
parallel to each other as U increases.
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Figure 1.12 Phase portrait for Eqgs (1.16) showing the solution behavior for different
initial conditions U , 6, at fixed dimensionlessT = . Only U >0 is of practical interest

hence the integral curves for U < 0 are not shown.

The integral curves coming out from the regions outside the shaded area in Figure
1.12, always increase as U increases. Therefore, as follows from the definition of
angle @, we have the following inequality d@/dt=2zf —de/dt >0, or, rewriting it
for the observable angle, we obtain 2z f >dg/dt. This behavior suggests that the
external field rotates faster than the rod for these initial conditions. The phase portrait

sketched in Figure 1.12 is applicable for all T,, yet the slopes of the integral curves

are influenced by this parameter T, .

The characteristic features of the nanorod behavior can be further elucidated by
following the trajectories belonging to different regions on the phase portrait. For
example, the initial conditions & =0, 2, and 2.9 correspond to three different types of

the nanorod trajectories. From equation ¢(t) = (t) —&(t) one can infer the following
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initial condition for ¢ -solutions: ¢(0) =—6€(0). The results of these calculations are

presented in Figure 1.13 for the physical parameter 7 =4.
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Figure 1.13 Nanorod behavior at three initial conditions, &,= 0, 2, and 2.9 radians. (a)
phase portrait of Eq. (1.17) showing the solution behavior for these initial conditions, (b)
numerical @ -solutions as a function of the number of turns, N=t-f, (c) numerical ¢ -

solutions as a function of the number of turns.
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Figure 1.13 (a) shows three different dependencies of angle & on parameter U at

different initial conditions 6,, and the same U(0) = 0.5. In this region, the derivative

d@/duU is positive because U>sin(8), Eq. (1.17). The magnetic field and nanorod
magnetization are initially co-aligned, 6, =0, solid line in Figure 1.13 (a),(b) and (c),
and after approximately 0.2 revolutions, the angle & stops changing. This implies that
the nanorods are caught by the field and from this moment they rotate with the field at
the same frequency (solid line in Figure 1.13 (c)). Then after rotation in unison with
the field for approximately 2 revolutions, the frequency of nanorod rotation starts to

slow down. The nanorod sways back for the first time at N=4.

The dash-dot trajectory corresponding to the initial condition 6,=2 in Figure 1.13

(@),(b) and (c) shows the distinct features of the trajectories with initial conditions
taken in the region U<sin(&). In this region, the derivative d@/dU is negative
because U<sin(&), Eq. (1.17). Therefore, the angle & decreases with time implying
that the magnetic field rotates toward the direction of the nanorod magnetization and
the angle between them decreases. After approximately 0.2 revolutions, the angle &
stops changing. This means that the nanorods are caught by the field and from this
moment they rotate with the field at the same frequency repeating the behavior of

nanorods which started at 6,= 0. (the dash-dot line in Figure 1.13 (c)). Then after

rotation in unison with the field for approximately 2 revolutions, the frequency of
nanorod rotation starts to slow down. The nanorod sways back for the first time at

Ner=4.
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The dotted trajectory corresponding to the initial condition 6,=2.9 in Figure 1.13

(@),(b) and (c)) elucidates the distinct features of the trajectories with the initial
conditions taken in the region U>sin(&). In this region, the derivative d@/dU is
positive because U>sin(#), eq (7). Accordingly, the angle & is first increasing and
after about 0.2 revolutions it stops changing. This means that the nanorods are caught
by the field and from this moment they rotate with the field at the same frequency
repeating the behavior of nanorods which started at 6,= 0 and 2 radians. After two
revolutions nanorods starts to slow down and then sways back for the first time at

Ner=4.

For all of these three cases, the parameter N is the same and it is equal to N¢ = 4.
From the numerical analysis, we conclude that the behavior of nanorods at the first

moments of time does depend on angle &, , but the critical number of turns N, does

not depend on the initial orientation of the nanorods.

1.3.3 Effect of B - parameter on nanorod dynamics.

Effect of the PB-parameter, i.e. the initial condition U(0), can be explained by
following the trajectories corresponding to f = Uy = 0.3, 0.5, and 0.7 and assuming

that the initial angle & = 0. The dependencies of functions & and ¢@on time are

presented in Figure 1.14 where we have chosen the 7 =4.

34



(a) m— U =0.3
" - 'U0=0-5
LI IUO=0.7

— =0.3 (C)
60 " - -U2=0.5
== IU0=0.7
A40 field (a)
g
e- » -
20 O i

..“‘....--.-I...I.II...II.III

0 2 4 6 8 10

Figure 1.14 Nanorod behavior at different initial conditions B = U(0) = 0.3, 0.5, 0.7 (a)
Phase portrait of Eg. (7) showing the solution behavior for different initial conditions U
(0) at 6, = 0, (b) the numerical @ - solutions as a function of the number of turns, N = t-f
,(c) the numerical ¢ -solutions as a function of the number of turns.
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Figure 1.14 reveals that the nanorod behavior for different p does not change
significantly: the behavior of the & and ¢ -solutions are very similar to each other. At
initial moments of time, the nanorod trajectory and the field angle trajectory coincide,
i.e. the nanorods are co-aligned with the field and revolve with the same frequency as
that of the driving magnetic field, Figure 1.14 (c). The nanorod keeps rotating until it
reaches a critical number of turns, N, . This critical number depends on the initial
conditions, for example, N¢(0.3) = 2.8, N¢(0.5)=4, Ncr(0.7) = 6.1. The lower the
beta-parameter, the greater the critical number of turns. As follows from Eq. (1.15),
the beta-parameter can be decreased by decreasing initial viscosity, by making the
nanorod shorter, by applying a stronger magnetic field, or by decreasing the frequency

of rotation of the applied magnetic field.

This numerical analysis of Eq. (1.17) allows one to design the MRS experiments with
different materials and estimate the critical parameters such as the critical number of

turns or 7 -parameter specific for different liquid-nanorod pairs.

1.4 Conclusions

We theoretically developed a method which can be used for the rheological
measurements of polymer systems, aerosol droplets with thickeners and biofluids at
the microscale. First, we developed the analytical and numerical models describing
the nanorod behavior in rotating magnetic fields. We introduced an important
parameter, the critical frequency f, at which magnetic nanorods starts rotating

asynchronously with the driving magnetic field. This parameter can be found
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experimentally and then substituted into our model to calculate the viscosity of the
carrying fluid. We used analytical and numerical models to predict the behavior of
magnetic nanorods with different magnetic and geometrical properties in liquids with
different viscosities. It was shown that the nanorods with aspect ratio lower than 16
can be used to probe viscosities up to 1500 mPa*s at magnetic fields B=0.0015T. This
field can be generated by small, inexpensive commercially available electromagnets.
In order to probe viscosities up to 10000 mPa*s one needs to design a magnetic
system which can generate rotating magnetic fields with magnitude B=0.01T. The
described method was used to measure rheological properties of liquids in
microdroplets with constant viscosity. Experimental protocols and calculations are
described in Chapter 3. Proposed method can also be used to characterize magnetic
properties of nanorods when the viscosity of surrounding liquid is known. We used
this method to characterize magnetic properties of nickel nanorods synthesized in our
laboratory. Experimental protocols and calculations of magnetic properties of

nanorods are described in Chapter 3.

We then modified our numerical model to study the nanorod behavior in a non-
Newtonian fluid with exponentially increasing viscosity. Photopolymerization of
HEMA was chosen as an example of a fluid with exponentially changing viscosity.
We conducted full numerical analysis and summarized results in a form of a phase
diagram which can be used to study the system behavior at different initial conditions
(initial angle between nanorod and magnetic field, initial viscosity of the liquid,
geometrical and magnetic properties of nanorod, frequency and magnitude of
magnetic field). We theoretically described an important parameter N - the number

37



of turns that the nanorod takes on before it sways back for the first time. Based on
these calculations we described an experimental protocol where one needs to measure
N and use 7 as an adjustable parameter to fit the experimental N with the
theoretical one. This protocol was used to measure the viscosity of HEMA
undergoing photopolymerization process. Experimental procedure and results from

these measurements are described in Chapter 4.

We believe that the described methods will provide materials scientists and chemists
with a unique tool to probe and map the physico-chemical properties of sophisticated

microsystems in short time intervals.
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2 SYNTHESIS OF NICKEL
NANORODS AND DESIGN OF
MAGNETIC MICROROTATOR
FOR MICRORHEOLOGICAL

STUDIES

2.1 Literature review on synthesis techniques of magnetic
nanorods

Template-assisted electrochemical deposition method is widely used for preparation
of magnetic nanorods [1-4]. The schematic of the three electrode system for the
synthesis of nanorods is shown in Figure 2.1. The nanoporous template is covered
with a conductive layer on one side and serves as a working electrode. Nanorods are
formed in the pores of the template by electrodeposition of the metal from the counter

electrode.
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Figure 2.1 (a) Three-electrode cell for the electrodeposition of nanorods, (b) current
behavior in the system during the electrodeposition process and corresponding stages of
the membrane filling [5].

Anodized alimunum oxide (AAQO) nanoporous membranes are usually used as
templates [1, 6]. The main advantage of AAO membranes is that they have a narrow
distribution of pore size and all pores have the same shape. Therefore, it is possible to
synthesize nanorods with identical properties in AAO membranes. The pore diameters
in this membranes is usually in the range from 5nm to 1um and depth is up to 100
pm. Polymer membranes are less expensive compared to the alumina ones, but they
have a broad non uniform distribution of pore sizes which leads to the synthesis of the

nanorods with different properties [3]. Different metals (Ni, Fe, Co, Zn, etc.) and their
47



alloys can be electrodeposited inside of the membrane pores to form the rod-shaped
structures. Properties of nanorods can be precisely controlled during the synthesis by
varying conditions of elechtrochemical reaction. A typical hysteresis loop which
shows the magnetic response of the ferromagnetic nanorods to an applied magnetic
field is shown in the Figure 2.2. The features of the loop can be used to characterize

magnetic properties of the material.
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Figure 2.2 Hysteresys loop of an array of nickel nanorods with 100 nm in diameter [5].

The coercitivity He shows at what magnitude of the applied magnetic field the
magnetization M of the sample becomes zero. The remanent magnetization M; is
introduced as the retained magnetization of the sample after turning off the applied
field H. Ferromagnetic nanorods have non-zero magnetization in the absence of
magnetic field. In order to reduce magnetization of ferromagnetic nanorods to zero,

the magnetic field with magnitude H. should be applied in the opposite direction.
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Paramagnetic nanorods do not keep magnetization when the external magnetic field
turns off. The way to produce magnetic nanorods with a paramagnetic behavior is to

fill carbon nanotubes with superparamagnetic nanoparticles [7, 8].

Magnetic Moment, pAm?

04 I I 1 I | |
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Figure 2.3 Typical magnetization curve of a nanotube membrane loaded with magnetic
nanoparticles [7].

It can be seen from the Figure 2.3 that the nanotubes do not have a hysteresis loop on

the magnetization curve thus demonstrating a paramagnetic behavior.

To conclude, magnetic nanorods with desired geometrical and magnetic properties
can be produced by electrodeposition method. We used this method to synthesize
nanorods which can be used for microrheological measurements. As shown in
Chapter 1, the Ni nanorods with aspect ratios up to 1/d=100 can be used to
characterize rheological properties of liquids at the microscale. The details of
electrochemical synthesis are provided below. First, we discuss the synthesis of
nanorods for microrheological measurements and then we describe a device which

can be used for nanorods manipulation and microrheological measurements.
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2.2 Setup and experimental protocol for synthesis of nickel

nanorods

From the theoretical analysis in Chapter 1 it can be seen that it is possible to probe
picoliter volumes of liquids with viscosities up to 10000 mPa*s by using nickel
nanorods with aspect ratio in the range of 4<1/d<100 (Figure 1.7, Figure 1.9) . To
meet this requirements we have built a setup to synthesize nickel nanorods inside the

pores of anodic aluminium oxide membranes by electrodeposition technique [3].

An alumina membrane (Whatman) with 0.2 um pore sizes and 60 um depth was used

for the synthesis. The SEM image of this membrane is shown in the Figure 2.4
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Figure 2.4 SEM image of alumina membrane used for synthesis of nickel nanorods
(bottom)

In order to design a cathode for the electrodeposition system one side of the alumina
membrane was covered with a conductive Gallium-Indium eutectic liquid. The

membrane was placed on a glass slide with the bottom of the membrane facing up. A
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small amount of Gallium-Indium (~20uL) was placed on the surface of the membrane
and gently spread over the surface using a cotton swab until the entire back had a thin

uniform coating on it.

A copper plate (76 x 38 x 4.2 mm?®) was cleaned using a high quality grade sand paper
and then washed with a dishwashing liquid (Dawn Inc.). Once the plate has been
cleaned, it was rinsed under tap water and dried completely before it was used.
Cleaning process was needed to provide a good electrical contact between copper
plate and conductive surface of the membrane. Next the membrane was lifted off of
the glass slide and placed on the surface of copper plate (Figure 2.5). Then the
membrane was sealed with water-proof tape and wax to prevent any contact of the
copper plate with solution during the electrodeposition process. Electrical contact

with a cathode is available only through the pores in the membrane.

Alumina Electrical Tape
membrane

|

Copper Plate

Figure 2.5 Copper plate cathode setup — alumina membrane is placed on the copper
plate and is sealed to it with water-proof tape and wax leaving the surface of the
membrane exposed to the Watts solution during the electrodeposition process.
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The beaker was filled with the Watts solution (300 g/L NiSO4-6H20, 45 g/LL H3BO3,
and 45 g/L NiCI12-6H20) (Figure 2.6). The 1 mm nickel wire was used as anode and
was placed on the opposite side from the cathode in a beaker .The DC regulated
power supply (Gwinstek PSS-2005, Instek) was used to apply 1.5 V potential between
anode and cathode. The power supply was controlled with a LabView program

(National Instruments Corporation).

ickel Wi
o Pl Nickel Wire

T

Power Supply

Figure 2.6 A diagram of the electrodeposition setup for synthesis of nickel nanorods.

In order to control the electrodeposition process, the reference electrode was used to
measure the current during electrochemical reaction. Current behavior in the system is

shown in Figure 2.7.
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Figure 2.7 Time dependence of the current during the electrodeposition process of
nanorods.

After the nickel electrodeposition was completed, the cathode was immersed in
acetone for 10 minutes to remove the water-proof tape. Once the membrane was
removed from the copper plate it was lightly taped to a microscope slide. A cotton
applicator was first soaked in a nitric acid and then was used to remove the Gallium-
Indium layer. The alumina membrane was dissolved in 10 mL of 6 M NaOH solution.
Permanent neodymium magnet (K&J Magnetics®, DY81) was placed at the bottom
of the beaker while nickel nanorods were rinsed several times with water. Ethylene
glycol was added and a suspension of nickel nanorods was prepared by ultrasound

sonication.

This setup was built for the synthesis of nanorods with desired geometrical and

magnetic properties for the use in microrheological measurements (Chapter 1).
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Diameter of the rods is controlled by pore size of the membrane and can be varied by
using membranes with different size of the pores. The length of nanorods can be
varied by the time of electrodeposition. The longer the electrodeposition time, the
longer the nanorods will be produced. In order to produce nanorods of a given length
we studied how the length of nanorods varies with changing the time of
electrodepositiom. Three samples were prepared by electrodeposition technique with

varied time of deposition (720, 1450 and 3300 seconds accordingly).

The diameter of all nanorods was controlled by the diameter of pores in alumina

membrane and it was equal to 200.57+£2.59nm (Figure 2.8).

mean = 200.5712; standard deviation = 2.5924
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Figure 2.8 The pore size distribution for the alumina membrane which was used in the
nanorods synthesis.

After the membrane was dissolved, ultrasound sonication was applied for 30 seconds

for each sample in order to produce dispersion of nanorods in ethylene glycol. A
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droplet with magnetic nanorods(~10uL) was placed on a Si wafer, dried in the oven at
200°C and the length of nanorods was measured by scanning electron microscope
(SEM) Hitachi S4800. The SEM images were processed with ImageJ (NIH) and

MatLab to get the nanorod length distributions. The SEM images and corresponding

length distributions are shown in the Figure 2.9.
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Figure 2.9 SEM npictures and size distributions for 3 samples with different
electrodeposition times (a) sample 1, 1=5.5+0.93 um(t=720sec.), (b) sample (2),
1=16.03£3.71 um(t=1450 seconds), (c) sample 3, 1=36.43+11.67um (t=3330 seconds).

A longer electrodeposition time results in an increased length of nanorods in the
sample, Figure 2.9. It can also be noticed that the size distribution of nanorods
becomes wider with an increased length of the nanorods. This can be explained by the
nanorod mechanical instability: the longer nanorods break more easily than the
shorter ones during the ultrasound sonication process. The time of ultrasound

sonication for all samples was 30 seconds. This time is enough to break some of the
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rods which are longer than 10 pum. The best size distribution of nanorods was

achieved at the time of electrodeposition t=720s.

Faraday’s law was used to calculate the length of nanorods depending on the time of

electrodeposition:

2.1)

where m; is the mass of the substance liberated at an electrode in grams, Q is the total
electric charge passed through the substance, F = 96485 C mol™ is the Faraday
constant, M is the molar mass of the substance (58.6 g/mol for Ni), z is the valency
number of ions of the substance (2 for nickel). The total charge Q is the electric

current I(t) integrated over time t:
t
Q= L |t (2.2)

The total charge was calculated by integrating the graph from Figure 2.7 and it is
equal to 20.5 A-s. The integration was done in MatLab by calculating the area under

the curve with limits t;=0 and t,=720 seconds for Sample 1:
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Figure 2.10 Area under the current-time curve calculated from the Eqg. (2.2) in MathLab
(limits t,=0 and t,=720).

Equation (2.1) estimate the mass m; = 0.0062g of nickel deposited into pores of the
membrane during electrodeposition. Assuming that the deposited nickel fills

completely all the pores, one estimates the mass as

Mypeor = ppSh (23)

where p — porosity of the membrane (0.5), o — nickel density (8900 kg/m?), S — area
of the membrane exposed to solution (0.000119 m? for sample 1, 11x11 mm), h —
height of the membrane (60 um). The calculated mg,eor for Sample 1 is 0.064g. The

length of nanorods in Sample 1 can be estimated as:

h =h- (2.4)
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The nanorod length h, in Sample 1 calculated from Faraday’s law is equal to 5.85
um. The same procedure was used to calculate the length of nanorods in Samples 2
and 3. Theoretical and experimental results for all samples are summarized in Table

21:

Table 2.1 Dependence of Ni nanorods length on electrodeposition time

Sample# | Time of | Area under | Area of | Length of | Length of the
electrode | the I(t) | membrane |the wires | wires measured
position, | curve, A-s | exposed to | calculated | from SEM
S electrodepo | from pictures, pm

sition, Faraday’s
mmxmm law, um

1 720 20.5 11x11 5.85 5.5+0.93

2 1450 50.96 9x9 17.71 16.03+3.71

3 3330 91.24 9x9 39.11 36.43+11.67

As seen from the table, the length of nanorods calculated from the SEM pictures is in
good agreement with the theoretical predictions based on Faraday’s law. Therefore,
the nanorods with any length up to 60 um can be produced by controlling the time of

electrodeposition.

To conclude, we successfully built an electrochemical setup which can be used
tosynthesize nanorods with desired geometrical and magnetic properties. Diameter of
nanorods can be varied by choosing membranes with desired pore size and length of
the rods can be varied by the time of electrodeposition process. Magnetic properties of
nanorods can be varied by using different metals and alloys (Ni, Fe, Co, Zn, etc.) as

anodes in the setup shown in the Figure 2.6.
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2.3 Litarature review on magnetic systems for manipulation
of magnetic nanoparticles and microrheological

measurements

Actuation and rotation of magnetic materials by applying alternating current (AC)
magnetic field is an attractive method to probe the materials mechanical properties.
Many materials can be made magnetic by embedding magnetic micro and
nanoparicles which are available on the market or can be produced in the laboratory
[9-11]. Magnetic nanoparticles with different shapes and surface functionalization are
attractive candidates for the sensoric and diagnostic applications. Such applications
call for the development of new devices providing controlled manipulation of the
objects in question [2, 12-15]. Depending on the method of field generation, these
devices can be split into two groups [16-18]. One group employs permanent magnets
fixed on a movable stage/holder which can be shaken or spun to produce an AC field
[17, 18]. Another group utilizes coils generating magnetic fields with a broad

frequency band [7, 19-21].

The permanent magnets are attractive candidates because they provide high gradients
of the magnetic field. When the stage with a magnet rotates or moves back and forth,
the nanoparticles readily follow the generated field [17, 18, 22-26]. On the other hand,
the frequency band generated by the moving stage is very narrow. This limits the

application of permanent magnets.
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Many practical applications require an AC field covering a broad frequency band. In
this respect, electromagnets offer significant flexibility: the magnitude, direction, and
frequency of the magnetic field can be remote controlled by simply changing the
current on the magnetic coils. [20, 27] In optofluidic applications, when one needs to
precise control the rotation and simultaneous observation of the magnetic particles,
the system has to meet the following criteria: 1) the size of the micro-rotator has to be
small enough to place it under the microscope objectives; 2) the setup must be flexible
to ensure an easy change of the setup configuration by rearranging the coils or
changing the distance between them; 3) the magnitude and frequency of the magnetic
field have to be remotely controlled. Several groups have been working in the past

years to apply electro-magnetic control in optofluidic devices [7, 20, 27-35].

In this respect, rotating magnetic field deserves special attention. Generation of the
rotating magnetic field can be done with small Helmholtz coils having the cores
measured in millimetres and even hundreds of microns. [30, 36-38]. Magnetic rotators
with small Helmholtz coils can provide the rotation frequency in the range between 1
Hz to 1 kHz and the ten millitesla field strength [2, 7, 27, 31, 32, 34, 35, 39]. The
strength and frequency of the magnetic field are limited by the coil ability to support
high currents. It was shown that small water-cooled magnetic coils can maintain

sufficiently high rotating magnetic fields [20].

In this chapter, we describe the development of a multifunctional magnetic rotator
that has been designed for microrheological studies. Below, we explain the features of

the proposed magnetic rotator.
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2.4 Design of magnetic microrotator for microrheological

measurements of fluids

Compact and versatile magnetic rotator was designed and used with Olympus
BX51/MVX10 microscopes. The device circuit is shown in Figure 2.11 (a). In the
schematic, we show the working head of the rotator that includes four solenoids with
soft iron cores (Figure 2.11 (c)). In order to work with small optical cells that can be
placed under a microscope, one needs sufficiently small solenoid coils with high
inductance. We used 20.7mm diameter and 1.5mm thick coils (Solarbotics). The 6
mm diameter cylindrical cores made of soft iron were chosen long enough to deliver
milliTesla range fields, the length depends on the application. The solenoids were
assembled on a stage under the 50x microscope objective; see an example in Figure

2.11 (c).

The rotating magnetic field was generated using a waveform analog output PCI board
(NI-PCI 6722) and custom 4-channel voltage-to-current converter. This NI-PCI 6722
board has 8 independent analog outputs and can produce signals with the frequencies
up to 10 kHz. A LabVIEW 7 (NI) code allows one to generate four sinusoidal signals
shifted by 90 degrees and smoothly converted to the voltage signal by an analog

output board with a digitization frequency of about 200 kS/s per channel.
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Figure 2.11 (a) Circuit of magnetic rotator, (b) circuit of the voltage-current converter,
(c) magnetic rotator, (d) experimental measurements of the magnetic field in the middle
of the two face-to-face placed coils as a function of applied current.

A circuit of the voltage-to-current converter is shown in Figure 2.11 (b). It is based on
a 350kHz, 5A power amplifier, PA02 Cirrus Logic, Inc.. It is designed to drive the
inductive loads and has a low crossover distortion. Using this highly integrated and
relatively costly amplifier, one allows to keep the circuitry simple and any repair
inexpensive. The generated current controls the strength and direction of the magnetic

field in the field of view of the microscope.

For the applications requiring stronger magnetic fields, we used E-66-100 coils
(15mm diameter and 8.5mm thick, Magnetic Sensor Systems). In order to analyze the
strength of the magnetic field produced by these coils, two coils were placed face to

face and magnetic field was measured using the digital teslameter (133-DG GMW
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Inc.). The current-magnetic field curves are shown in Figure 2.11 (d) (the error bar
represents a standard deviation from 3 measurements at each current). One confirms
that placing the coils 8mm apart, one can reach the 40 mT magnetic field. When the
coil-to-coil distance was increased to 30mm, the field strength dropped down to 5 mT.

A few milli-Tesla fields are sufficient enough to rotate magnetic nanoparticles [2, 27].

NI LabVIEW Signal Express (http://www.ni.com/labview/signalexpress/) was
chosen to design a software to control the operation of magnetic micro-rotator. This
software allows one to precise control the magnetic field and to simultaneously

acquire images of the rotating objects during the experiments.

In our experiments, we examined the performance of four, three, and two magnetic
coils. The software developed in LabVIEW is able to generate three types of
magnetic fields: rotating, pulsating, and DC fields. Snapshot of the LabVIEW

program window used for the signal generation is shown in the next figure:
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Figure 2.12 Snapshot of the LabVIEW program window used for the signal generation

First, an analog signal should be created in the program by specifying parameters of
the signal in the “Create Analog Signal Box”. As it can be seen from the figure, this
signal can be either the AC (sin wave) or DC. After signals are created, an output
route should be specified for each signal. Analog output board (Figure 2.11 (a)) has 8
output channels and analog signal generated in a LabVIEW program can be sent to
either one of them. Output channel number should be specified in “DAQmx generate
analog output” section (Figure 2.12 (a)). Output signal goes through the voltage-
current converter remaining same properties (shape and frequency) and then it is sent

to electromagnetic coils which produce magnetic field.
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This system is able to produce three types of magnetic fields: the rotating, pulsating,
and DC fields. These fields are controlled from the computer by a LabView program.
An example of the LabView panel is shown in Figure 2.13. Different signal shapes
can be generated, for example, DC — signal (b), square (c), sinusoidal (d), or triangle

(e).

Configuration | Execution Control (a )

Signal Calculation Setup Sampling Conditions

Signal type Sample rate (S[s)
Sine Wave v Repeated signal 100.000
Frequency (Hz) Phase (deg.) Block size (samples)
500.000m % 0000 2 [N periods 1000 =
Amplitude (v) Offset (¥) Optional Outputs
10.0000 £ 0.00000 £

Figure 2.13 (a) LabView panel and different signal shapes generated by the LabVIEW
program, (b) DC - signal, (c) square, (d) sinusoidal, or (e) triangle
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The shape of the signal can be changed by setting up a formula for the signal (Figure
2.13 (a)) or by uploading the data file with a defined signal into the program. It can be
seen from Figure 2.13 (a) that the Labview program allows one to control all
properties of the signal — frequency, offset, and phase. The system was calibrated by
sending the output signal from the LabView program and measuring the magnetic

field at the center of the magnetic cell.

Rotating magnetic field is needed for microrheological analysis described in Chapter
1. It can be created as follows. Two coils of the magnetic rotator were fixed under the
objective of BX-51 Olympus microscope (Figure 2.11). In order to produce a rotating
magnetic field, two sinusoidal signals were sent to the coils with 90 degrees phase
difference between them and rotation of magnetic nanorod was observed in the

microscope equipped with a camera (Figure 2.14).
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Figure 2.14 Two sinusoidal signals sent to two coils at the time moments (a),(b),(c) and

(d). Following the generated rotating field, the nickel nanorod rotates clockwise at 0.5
Hz frequency.
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This phase shift allows one to generate a rotating magnetic field. As it can be seen
from the Figure 2.14 at the moment (a) the signal on the Coil 1 is zero and it is
maximum on Coil 2. At the moment (b) signal on Coil 1 is maximum and it is zero on
Coil 1. This arrangement allows one to generate a rotating magnetic field. Nanorod
rotates with the same frequency as magnetic field (Figure 2.14). The frequency of the
magnetic field set in the LabView program by changing the frequency of the
sinusoidal signal sent to the coils. The magnitude of the magnetic field is determined
by the amplitude of the sinusoidal signal which is set in the LabView program and

can be changed during the experiment.

We developed a multifunctional magnetic rotator that allows one to generate rotating
magnetic fields in a broad frequency band, from hertz to tens kilohertz. This system is
able to produce magnetic field sufficient for the manipulation of magnetic

nanoparticles and meets all requirements to be used for MRS.

2.5 Conclusions

To conclude, we successfully built an electrochemical setup which can be used
tosynthesize nanorods for microrheological measurements described in Chapter 1.
Diameter of nanorods can be varied by choosing membranes with desired pore size
and length of the rods can be varied by the time of electrodeposition process.
Magnetic properties of nanorods can be varied by using anode made from different
materials. We successfully synthesized nickel nanorods 200nm in diameter with
length in the range from 3 to 36 pum. As it can be seen from the theoretical analysis

(Figure 1.9 (a)) nickel nanorods having aspect ratio 1/d=15 can be used to probe fluids
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with viscosities up to 600 mPa*s by rotating in the magnetic field with magnitude
B=0.0015T. Morover, same nanorods might be used to probe fluids with viscosities

up to 10000 mPa*s when the magnetic field is raised up to 0.01T.

Furthermore, we developed a multifunctional magnetic rotator that allows one to
generate rotating magnetic fields in a broad frequency band, from hertz to tens
kilohertz. We employed this system to study rheology of different fluids at the
microscale level (Chapters 3 and 4). This system meets all requirements to be used for
MRS: 1) the size of the system allows it to be placed under 50x microscope
objective; 2) setup is flexible i.e. it is easy to rearrange coils and change distance
between them; 3) magnitude and frequency of magnetic field is remotely controlled
from the LabVIEW program. 4) the setup allows one to produce the AC as well as DC
magnetic fields with up to 0.04T of magnitude. This system can also be used for
microrheological studies in liquids with viscosities up to 10000mPa*s by replacing
the coils with bigger ones which can produce rotating fields with magnitude up to
0.01T. We believe that this multifunctional magnetic system will be useful not only
for micro and nanorheological studies, but it will find much broader applications

requiring remote controlled manipulation of micro and nanoobjects.
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3 MICRORHEOLOGICAL
MEASUREMENTS WITH NICKEL
NANORODS

3.1 Introduction

As shown theoretically in Section 1.2.3, magnetic nanorods can be used to study
rheological properties of different liquids at the microscale level. In Section 2.2 we
described a setup for nanorods synthesis. This setup allows one to synthesize
nanorods with desired geometrical properties by varying the time of electrodeposition.
Synthesized nanorods meet all requirements of the proposed MRS method.
Furthermore, a multifunctional magnetic rotator (Section 2.4) allows one to generate
rotating magnetic fields in a broad frequency band. Before starting microrheological
experiments we need to characterize magnetic properties of synthesized nanorods.
This chapter is organized as follows. First, we use the developed MRS method to
characterize magnetic properties ofsynthesized Ni nanorods. We then use the obtained
magnetic constants in rheological measurements of liquids and compare them to the
bulk constants available in the literature and obtained with the cone-and-plate
rheometer. We study the diffraction pattern from the system of aligned nanorods and
study the reaction time of this reconfigurable lattice. We discuss a possible
application of nanorods for optofluidic illumination in medical devices. We conclude

with a summary of our findings.
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3.2 Measuring magnetic properties of nickel nanorods

When magnetic nanorod is rotating in a simple Newtonian fluid and the frequency of
the rotating magnetic field is increasing, we showed that there exists an important
limiting frequency f., when the magnetic nanorod starts oscillating and revolving
slower than the driving field. Obtaining f, from experiments in liquid with known
viscosity, one can infer the magnetic moment of nanorods by solving Eq. (1.9) for m

as

27y 1, (3.1)

This formula has been used to measure the magnetic properties of nickel nanorods
with different aspect ratios. Experimentally, the critical frequency was determined by
rising up the frequency of the driving magnetic field and measuring the frequency of
the nanorod rotation. An image tracking procedures was used to obtain the rate of
rotation of magnetic nanorods (Video Spot Tracker;
http://cismm.cs.unc.edu/downloads/). Two coils of the magnetic rotator were fixed
under the objective of BX-51 Olympus microscope (Figure 2.11 (c)). In order to
produce a rotating magnetic field, two sinusoidal signals were sent to the coils with 90
degrees phase difference between them (Figure 2.14). This phase shift allows one to
generate a rotating magnetic field. The strength of the magnetic field was determined
by the current as discussed in Section 2.4, and the amplitude of the sinusoidal signal

which was set in the LabView program.
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A 10ul droplet of ethylene glycol (7= 16 mPa-s) with the suspended nickel nanorods

having the aspect ratios in the range 4<l/d<16, was placed on a glass slide and
investigated under the 50x objective of the BX-51 Olympus microscope. The
measured magnetic field at the location of a droplet with the nanorod suspension was
B = 0.0015T. We applied the dark field microscopy technique to detect the 200nm
nanorods which were not visible in the bright field [1]. A SPOT videocamera (SPOT
Imaging Solutions, Inc.) was used for filming the rotating nanorods. A high speed
digital camera (Motion Pro X3, Red Lake, FL) was used to capture the images of the
rotating magnetic nanorods at the frequencies higher than 25Hz. The captured videos

were analyzed manually using VirtualDub software (http://www.virtualdub.org).

In order to exclude the interactions between the nanorods, we always double checked
that the chosen nanorod was far away from their neighbours. The distance to the
closest nanorod was at least 7 times greater than the nanorod length (Figure 3.1). This
guarantees a weak dependence of nanorod behavior on dipole-dipole interactions as

discussed in Ref. [2].

Figure 3.1 The circled nanorod was used in the MRS analysis. These pictures were taken
from 3 different experiments to show that the closest neighbor is situated far away from
the chosen nanorod. The width of the screen is 160 pm.
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The recorded videos were used for the determination of a critical frequency of a
particular nanorod. The critical frequency was measured for 6 nanorods having
different aspect ratios. The dependence of the critical frequency on the rod aspect

ratio is plotted in Figure 3.2, where experimental values are marked as red diamonds.
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Figure 3.2 Critical frequency f. up to which rotation of nickel nanorod is synchronized
with rotation of the magnetic field as a function of nanorod aspect ratio I/d.

The literature data on magnetic properties of nickel nanorods demonstrate a
significant scatter depending on the parameters used for the nanorod synthesis [3, 4].
This uncertainty suggests considering the magnetic moment of nanorod using a

scaling relation:

m=vBy/ s, (3.2)
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where v is the nanorod volume, g, is the magnetic permeability of vacuum and y is

a magnetic constant of nanorod material. We used Eq. (3.3) for the least square fitting
(¢ as an adjustable parameter) the experimental data on critical rotation frequency f..

The obtained best fit value provided y = 92. (Figure 3.2, solid line).

After magnetic parameters of nanorods were obtained, we tested this method to
measure viscosity of glycerol (Fisher Scientific Inc.) and its mixtures with water.
First, we measured bulk viscosity with DV-11l1 Ultra Rheometer (Brookfield Eng.),

then conducted the MRS experiments and solved the following equations for 7 .

fczim_B (3.3)
2wy
nl*z
=t 34
" 3n(17d)-A G4

Magnetic moments of nanorods were calculated by using Eqg. (3.2) with parameter y

= 92. The results of MRS measurements are in a good agreement with the data

obtained from the bulk measurements and available literature data (see Table 3.1).

Table 3.1 The results of MRS measurements, data obtained from the bulk
measurements and available literature data.

Sample (22.5°C) Bulk measurements | MRS Literature

with a  rheometer | measurements | (22.5°C)

(mPa*s) (mPa*s)
98% Glycerin +2% water | 778 790+45 784[5]
89 %Glycerin+11%water | 175 191+14 169[5]
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These experiments confirmed that we can use the developed method and our setup to

measure viscosities up to 790 mPa*s.

This theoretical and experimental analysis confirms the dependence of the critical
frequency f.; on aspect ratio of nanorods and allows one to use the MRS method to
study magnetic properties of nanorods if the viscosity of the surrounding liquid is
known. By measuring the viscosities of different fluids we confirmed that obtained
value of magnetic constant y =92 is valid and Eq. (3.2) can be used to calculate
magnetic properties of nanorods. Magnetic properties of nanorods can vary
significantly depending on the parameters used for nanorods synthesis. Therefore, one
needs to calibrate each sample of synthesized nanorods to obtain magnetic constant

 before using these nanorods for microrheological measurements.

3.3 Measuring a temperature-dependent viscosity of a

microdroplet

In the materials science applications, when a synthesized polymer is produced in a
miniscule amount and the droplet size is measured in micrometers, the standard
rheological instruments fall short to characterize the material. The MRS appears
attractive because it provides a way to extract the rheological parameters of

microdroplets by studying the rotational features of magnetic nanorods.

As can be seen from Figure 1.9 (a) using nickel nanorods with aspect ratio 1/d=15 in

the rotating magnetic field of magnitude B=0.0015T, it is possible to probe viscosities
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up to 600 mPa*s. By reducing the aspect ratio of nanorods to I/d=10 it is possible to
probe viscosities up to 1200mPa*s (Figure 1.8). In order to illustrate the robustness of
the designed microrotator and to confirm the developed MRS theory (Section 1.2.3),
we studied a temperature-dependent viscosity of microdroplets. Nickel nanorods were
synthesized by using electrochemical template synthesis described in Section 2.2. A
viscosity standard liquid S600 (Cannon Instrument Company) was used in these
experiments. Viscosity of this liquid depends on the temperature. The temperature-
viscosity curve is shown as a solid line in Figure 3.3 (a). This curve was generated

using the table provided by the vendor with the data points marked by squares.
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Figure 3.3 (a) Viscosity of the viscosity standard liquid S600 measured by rotation of the
nanorods with different aspect ratios; squares and blue line show the table values of the
viscosity; open circles show measured viscosity from 5 independent experiments with
nanorods of different aspect ratios. A data point corresponding to the 927.5 mPa-s
viscosity was used to obtain constant x = 290, (b) Two sinusoidal signals sent to two coils
at the time moments (c),(d),(e) and (f). Following the generated rotating field, the nickel
nanorod rotates counter-clockwise at 2 Hz frequency.

Experimentally, the critical frequency was determined by increasing the frequency of
the driving magnetic field and measuring the frequency of the nanorod rotation.
Experimental details are described in Section 3.2. A 2ul droplet with the suspended

Ni nanorods was placed on the insulated flexible heater made of a polymide film
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(KA-808, Omegalux). A DC Regulated Power Supply (CSI12001X, Circuit
Specialists) was connected to the film and was used to control the temperature of the
film. The surface temperature was measured with a thermocouple connected to the
temperature controller (TC-3300, CAL Controls LTD). We heated the 2 pL drop of
viscosity standard liquid with nanorods dispersed in it up to 26.9°C and used the
calibrated viscosity n = 927.5 mPa:s (a dotted circle in Figure 3.3 (a)) given by the
vendor. First, we experimentally determined f;, the frequency at which the nanorod
stopped rotating synchronously with the magnetic field. This viscosity value was used
to obtain constant x = 290. Then the temperature of the substrate was raised up and a
critical frequency was measured at six different temperatures for different nanorods.
When the critical frequencies were determined, the viscosity was calculated using
Egs. (3.3) and (3.4). The results of the viscosity measurements during the temperature
rise (circles in Figure 3.3 (a)) are in a very good agreement with the values provided
by the vendor. Therefore, this analysis confirms that the developed MRS model with
the designed magnetic rotator provides correct viscosity data, hence the instrument

can work as a nanorheological viscometer.

3.4 Manipulation of the diffraction pattern from nanorods
with a rotating magnetic field and its applications for the
illumination purposes

3.4.1 Introduction

Possible applications of magnetic liquids in optofluidics include optical modulators
and switches. The properties and behavior of magnetic fluids from spherical

nanoparticles have been studied for more than half a century. When a magnetic field
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is applied to this fluid, the material becomes optically anisotropic, and different
magneto-optical effects can be observed. Specifically, optical birefringence, Faraday
rotation, dichroism and different types of light scattering were studied [6-9]. One of
the most important effects is the diffraction pattern discovered by Haas [10]. In the
applied magnetic field, the fluid becomes “frozen”, forming chains of magnetic
carriers directed along the field lines. When the light is applied perpendicular to the
chains, an elongated characteristic diffraction pattern is formed on the screen (Figure

3.4 (a)).

While the optical effects from the dispersion of spherical particles were studied by
many groups, the fluids with rod-like nanoparticles drew research interest only in
recent years [2, 11-13]. Magnetic nanorods have great potential for applications in
optofluidics because of their unique properties of high magnetization and structural

stability, in contrast with chains of spherical particles.

Unlike traditional magnetic fluids, colloids of magnetic nanorods have several
advantages in optofluidic applications. High magnetization of magnetic nanorods
allows one to control the nanorods orientation using a moderate magnetic field. This
offers the possibility to use miniaturized magnets with a lab-on-a-chip. Also, the
nanorod solidity provides an easy way to manipulate the nanorod as a whole unit. For
example, if the magnetic field (Figure 3.4 (a)) would rotate in the plane perpendicular
to the direction of light propagation, the diffraction pattern would follow this rotation,
enabling illumination of a large area. Moreover, by rotating nanorods in the plane
perpendicular to the light beam, one can vary the transmission coefficient, enabling
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intensity modulation [14]. In contrast to nanorods, the nanoparticle chains typically
break in the rotating field [15]. We show that a suspension of nickel nanorods can be
used for optofluidic applications where the precise control of light is needed but
mechanical contact is not possible. In particular, we demonstrate that the light beam
from a laser can be significantly diffracted by nickel nanorods and by rotating

magnetic field one can illuminate a larger area.

3.4.2 Experimental set up

In the optical experiments, nickel nanorods of 200 nm in diameter and 10pum in length
were suspended in ethylene glycol at different concentrations (0.0015-0.034 wt. %).
The rectangular glass cell (1 mm thick) filled with the suspension was placed between

two poles of GMW 3470 dipole electromagnet (Figure 3.4 (a)).

- ‘
o Light source

Figure 3.4 (a) Experimental setup for magneto-optical experiments, (b) Scanning
electron micrograph of nickel nanorods

When magnetic field was applied perpendicular to the direction of beam propagation,

we observed that the nanorods aligned along the field lines. He-Ne the laser beam
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(632.8 nm) illuminated the cell with aligned rods, and the diffraction pattern was
observed on the screen located at the distance of 16 cm from the optical cell. This
pattern was similar to that of spherical nanoparticles [4, 16]. CCD camera (Dalsa
Falcon 1.4M100) was used to capture the diffraction patterns and the distributions of
light intensity were quantitatively analyzed using Matlab®. The rotating magnetic

field was generated by a designed system of four electromagnets (Figure 3.5 (a)).
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Figure 3.5 (a) system of 4 electromagnets for producing a rotating magnetic field, (b)
numerical simulation of the magnetic field produced by this system in Comsol

Design of the system is described in details in Section 2.4. Each electromagnet
included 6 mm diameter magnetic core and solenoid with 300 turns of copper wire.
The magnitude and frequency of the magnetic field were controlled by the
LabVIEW® program. To observe rotation of the nanorods, the system of
electromagnets (Figure 3.5 (a)) with a microfluidic chip or a capillary containing the
nanorod dispersion was placed under a microscope (Olympus MVX10). High speed

digital camera (Motion Pro X3) was used to capture images of rotating magnetic
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nanorods. In order to obtain the magnetic field distribution in the nanorod suspension
within the cell, FEM solver COMSOL® was used to simulate the magnetic field
(Figure 3.5 (b)). The validity of these calculations was confirmed by measuring the
magnetic field at the center of the optical cell using the digital teslameter (133-DG
GMW Inc.). The deviations between the numerical data and the measured value were

not greater than 10%.
3.4.3 Results and discussion

The diffraction pattern and the distributions of light intensity along the diffraction
wings obtained using the setup shown in Figure 3.4 (a) are shown in Figure 3.6. We
observed that in the range of nanorod concentrations varied between 0.0015 wt. % to
0.034 wt. %, both the illumination intensity and illuminated area have increased
monotonously with the nanorod concentration. This effect is explained by the multiple
diffraction of light on the layers of nanorods aligned in the applied magnetic field; as
the nanorod concentration increases, the light beam finds more obstacles thus

enlarging the cone over which the light spreads.

= :

z : :

z 100 0.034%

E .......... 0017%

E s 0.006%
1] S S NG i [ECEEEERE 0.003%

0.0015%
0

5 10 15
Angle, degrees

Figure 3.6. The distribution of light along the right diffraction wing (along the white line
in the insert) for different mass concentrations of nanorods.
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We observed this effect earlier for the chains of spherical magnetite nanospheres [14].
As proposed in Ref.[14],(Figure 3.7), one can take advantage of this reconfigurable
diffraction pattern and make an optofluidic illuminator by filling a hollow fiber with a

suspension of magnetic nanoparticles.

Figure 3.7 Optical fiber with a capillary tip filled with suspension of spherical
nanoparticles (a) light pattern on a screen before (b) and after (c) the magnetic field was
switched on. Central spot corresponds to direct laser beam (zero-order diffraction);
diffracted line is slightly bended due to the imperfections in optical alignment.

The light beam from a laser can be coupled to the optical fiber with a glass tip filled
with a magnetic fluid (Figure 3.7 (a)). Without magnetic field, the light goes through
the tip forming a round spot on the screen (Figure 3.7 (b)).When the field is applied
perpendicularly to the fiber, it deforms the spot thus illuminating a larger area (Figure
3.7 (c)).When the direction of beam propagation is perpendicular to the magnetic
field, the nanoparticles form chains and diffract the light transforming a circular beam
into a ribbon and yielding a larger visible area. In order to produce larger spot size, it
would be advantageous to rotate this diffraction pattern by spinning the external

magnetic field. In contrast with the chains of the magnetite nanospheres, the nanorods
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are stable in a rotating magnetic field and strongly follow the field. Therefore, they
are excellent candidates for this application. Another advantage is that the onset of
rotation of the nickel nanorods is observed at lower magnetic fields, much lower than
those required to form chains of spherical iron oxide nanoparticles [14]. It is known
that the rate of 25 frames per second is close to the limit of naked eye resolution for
moving objects. Hence, the diffraction pattern rotating at 25 revolutions per second
will be seen as an almost frozen round spot, illuminating an area significantly larger
than the original beam spot. In applications to optofluidic illuminators, it is necessary
to estimate the relation between the required physical parameters of the nanorods and

the frequency of rotating magnetic field.

It was shown in Section 3.2(Figure 3.2) that nanorods with aspect ratio 1/d<9 can
rotate synchronously with magnetic field at frequencies higher than 25 Hz. Nickel
nanorods of 200 nm in diameter and 1.6um in length (1/d=8) were synthesized by
electrodeposition method and suspended in ethylene glycol. The tip of the optical
fiber (Figure 3.7 (a)) was filled with the suspension of nanorods and placed inside of
the magnetic microrotator (Figure 3.5 (a)). When magnetic field was rotating at
frequency f=25 Hz the diffraction pattern from the suspension of nanorods (Figure
3.6) followed the field with the same frequency illuminating an area which much
larger than the initial beam spot. Therefore, designed illuminator containing
suspension of nanorods with low aspect ratios (I/d<9) can be used in medical

optofluidic devices for illumination purposes.
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3.5 Conclusions

We showed that using nickel nanorods in a rotating field, one can probe mechanical
properties of materials that are difficult to analyze by any other available techniques.
First, we used MRS method described in Section 1.2.3 to characterize magnetic
properties of synthesized nickel nanorods. We then used obtained magnetic constants
to measure rheological properties of liquids with known viscosities. Results of these
measurements are in a good agreement with published values and values obtained by

two plates rheometer.

Furthermore, we used MRS method to measure the viscosity in microdroplets of
standard liquid S600 at different temperatures. The results of the viscosity
measurements during the temperature rise obtained by MRS are in a very good
agreement with the values provided by the vendor. Experimental and theoretical
analysis confirms that the developed model provides correct viscosity data. Therefore,
the designed instrument can be used to measure rheological properties of fluids at

microscale level.

Finally, a suspension of nanorods, aligned in a magnetic field and illuminated by a
visible laser beam, was used for the analysis of the diffraction pattern. It was found
that increasing the concentration of nanorods in the suspension one can increase the
area of diffraction wings. The control of this diffraction pattern is needed in the
optofluidic applications where one needs to illuminate a larger area yet no direct
mechanical contact with the light source is possible. We showed that the diffraction

pattern can be rotated by spinning the magnetic field. The nanorods are stable in
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rotating magnetic field, i.e. the rotation of the field does not break them as it would
with a chain of spherical magnetic nanoparticles. The produced nickel nanorods are
able to rotate at the rate as high as 25 revolutions per seconds that is beyond the limit
of naked eye resolution for moving objects. This effect opens an opportunity for use
of these colloidal suspensions in medical optofluidic devices producing stationary

illuminating spots, for example in endoscopes.
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4 MEASURING THE CHANGE IN
THE VISCOSITY DURING THE
PHOTOPOLYMERIZATION OF
HEMAAT THE MICROSCALE

4.1 Introduction

In Section 1.3 we developed a numerical model describing the nanorod behavior in
non-Newtonian fluid with exponentially increasing viscosity. We chose a
photopolymerization of HEMA as an example of such liquid. We theoretically
described an important parameter N¢.- number of turns that the nanorod takes on
before it sways back for the first time (Figure 1.11). When this parameter is measured
experimentally one can use the developed numerical model to find the characteristic
time of polymerization zwhich defines the viscosity change during the
photopolymerization process (Figure 1.10). In this chapter we describe an
experimental protocol and present our results on the viscosity measurements during

the photopolymerization.

First, we describe an experimental protocol to measure N, in five different solutions
of HEMA with varied concentration of the crosslinker. We then use obtained data
with a model described in Section 1.3 to calculate the viscosity change during the

photopolymerization.
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Moreover, we discuss the mechanism of HEMA polymerization, perform and discuss
the FT-IR measurements during photopolymerization. All these experiments show the
robustness of the proposed MRS method allowing us to find a relation between the

phenomenological parameters 7, andz, concentration of the crosslinker, and the

fraction of the crosslinked material at different stages of photopolymerization.

4.2 Materials and methods

HEMA monomer (Sigma-Aldrich Co. LLC) was mixed with the crosslinking agent
DEGDMA (Sigma-Aldrich Co. LLC). Five solutions with different concentrations of
the crosslinking agent, 1.86, 3, 4.5, 7, 9.3 wt%, were prepared for the testing. The
photoinitiator 2,2-Dimethoxy-2-Phenylacetophenone (Sigma-Aldrich Co. LLC) of
1wt% relative to the monomers was added to the solutions. Nickel nanorods were
synthesized inside pores of alumina membranes (Watman Ltd.) by the
electrodeposition technique described in Section 2.2. HEMA solution was added to
the beaker with nickel nanorods and an ultrasound agitation was used to prepare a
uniform suspension of nanorods. Concentration of nanorods in the suspension was

0.05 wt %.

1.8ul droplet of the nanorod dispersion was placed between two glass slides. A 64 um
thick Kapton tape was inserted between the ends of two glass slides to keep them
separated. The drop was sandwiched between glass slides and was investigated under
the 50x objective of the BX-51 Olympus microscope. We applied the dark field

microscopy technique to detect the 200nm diameter nanorods which are not visible in
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the bright field [1]. First, the microscope was focused on the upper glass slide and
then by moving the objective down, it was focused on the bottom glass slide. This
way it was possible to focus the objective on magnetic nanorod which was situated in
the middle of the optical cell. Each experiment was started by confirming that the
tested nanorod was situated at least 20 um away from each optical slide and the wall
effects can be safely neglected. This nanorod position did not change during the
HEMA photo polymerization experiment, i.e. the nanorods have never settled down.
The following estimates explain these observations. Assuming that the nanorod is
settling down at velocity o and it keeps the long axis parallel to the plates, the drag
force on a nanorod is written as F =4znlv/In(l/d)[2]. This drag force is balanced
by the buoyancy force, F = zd2Apg/4, where Ap=8000kg/m® is the density
difference and g is acceleration due to gravity. Therefore, the settling velocity is
estimated as v =d?lIApgIn(l/d)/(16n71) =d*ApgIn(l/d)/ (167). Assuming I/d= 30,
d =0.2 um, 5 =2 mPa-s (viscosity prior to photo polymerization), we have o= 0.33
um/s. If at the first moment a nanorod was positioned in the middle of the optical cell,
which is 30 um away from the bottom plate, it would take about t = 30/0.33 = 91
seconds to settle down. As shown in the experiments, the HEMA
photopolymerization was initiated in less than 10 seconds after placing the droplet on
the glass slide. And it took about 40 s to change the HEMA viscosity in hundred

times. This explains why the buoyancy effect was insignificant and why we were able

to follow the same nanorod during photo polymerization.

Two magnetic coils orthogonal to each other were used to produce rotating magnetic

field. We used E-66-100 coils (15mm diameter and 8.5mm thick, Magnetic Sensor
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Systems). The current was controlled with a Labview program. The design of the
setup is described in Section 2.4. The magnetic field at the center of the optical cell
was estimated to be B=1.5-10° T. A SPOT videocamera (SPOT Imaging Solutions,
Inc.) was used for filming the rotating nanorod during HEMA polymerizaion. In order
to initiate the polymerization, the B-100SP UV lamp (UVP, LLC) was placed 100
mm apart from the glass slides containing the HEMA solution. The light intensity at
this distance was approximately 10 mW/cm?. The captured videos were analyzed
using VirtualDub software (http://www.virtualdub.org). Magnetic properties of nickel
nanorods vary significantly depending on the parameters of electrodeposition process
[3, 4]. In order to calculate the magnetic moments of the nickel nanorods we
conducted the MRS experiments in ethylene glycol, a simple Newtonian fluid with 7
= 16 mPa-s, and used Eq. (3.2) to calculate m. The obtained magnetic moment

appeared to be well approximated by the formula m=VBy/ 4, where V is the
nanorod volume, g, is the magnetic permeability of vacuum and » is a constant,

x=92.

After calibration of our MRS system, we obtained the characteristic viscosity 7, by

rotating the nanorod in HEMA solution prior to exposing it to the UV radiation. Once
the critical frequency was reached, we solved Egs. (3.3) and (3.4) for the viscosity to

obtain 7, = 2.7 mPa-s. This characteristic viscosity did not change when we added the

crosslinker.
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In all MRS experiments, we were trying to measure the phase lag between the applied
signal and nanorod displacement. Our system was unable to detect any phase lag until
the nanorod reached N, revolutions. Therefore, within this time interval the material
reacted as a purely viscous liquid, and no fingerprints of materials elasticity were
observed. With this confirmation in hands, we applied our model to interpret the

experimental data.

4.3 Results

With the obtained parameters, we used the following strategy to evaluate the
dependence of characteristic time z on the crosslinker concentration during UV-
polymerization. For each of five solutions, corresponding to 1.86, 3, 4.5, 7, and 9.3
wt% crosslinker concentrations, we obtained the critical number of nanorod
revolutions Nrexp. Ten different nanorods with the lengths ranging from 3.9 pm to
11.85 um were used in these experiments for each droplet. Then we have run the
numerical analysis of our model, Egs (1.16), to fit the experimental data using r as an
adjustable parameter of the model. The obtained r -values were used to plot ten

exponential curves for each crosslinker concentration.

In Figure 4.1 (a), we plot relative viscosity #7(t)/n, of HEMA with 1.86wt%

concentration of the crosslinker measured with the MRS and compare these
measurements with available data reported in Ref.[5] for the different power of the
UV irradiation. It can be seen that the MRS results are well fitted by the exponential
curve and the relative viscosity curve for our UV source (W= 10 mW/cm?) is situated

between those obtained in Ref.[5] at stronger UV irradiation with W=40 mW/cm?
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power and weaker UV irradiation with W = 0.25 mW/cm? power. Therefore, the

obtained results appear reasonable and coherent with the available data.

In Figure 4.1 (b), we plot five dependencies of the relative viscosity, each being
related to the given crosslinker content. Any point on these curves represents the
average value taken over ten measurements for each concentration of the crosslinker.
Error bars provide the standard deviation from the mean value. In the inset, we show

the 7 -dependence on the crosslinker concentration.
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Figure 4.1 (a) The viscosity change during UV polymerization of HEMA with 1.86wt%
concentration of the crosslinker measured with MRS (f=0.5Hz, 7 =17 s) compared with
bulk measurements of Ref.[5] corresponding to 7=5.8 s and 7=34.5s, (b) viscosity
change during UV polymerization for different concentrations of the crosslinker (from
the right to the left 1.86, 3, 4.5, 7, 9.3wt%0). Inset: the dependence of characteristic time
7 on the weight fraction of the crosslinker, C, in the monomer-crosslinker mixture,
diamonds are the experimental points; line is a cubic polynomial fit, (c) theoretical
dependence of the critical number of turns N, of a nanorod as a function of
characteristic time z .
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It can be seen from the graphs that the fastest change of viscosity is observed in the
system with the highest concentration of the crosslinker. The dependence of the

characteristic time z on concentration of the crosslinker can be fit with a cubic
polynomial z=a-C™° |, where C=m_ /m__ is the weight fraction of the cross-

linker of weight m¢, in the monomer-crosslinker mixture of weight mpyx and a = 4.36
s is a coefficient determined from the fit. A theoretical dependence of N¢ on 7 is

shown in the Figure 4.1 (c).

This analysis demonstrates that the magnetic rotational spectroscopy allows one to
measure the viscosity of polymerized solution when its viscosity drastically changes
in a short time interval. However, from the MRS data, one cannot resolve whether the
polymer has already undergone the transition to a gel form or it is still a liquid and not
completely cross-linked yet. We therefore conducted a series of additional
experiments enabling one to distinguish the conformational changes of HEMA

solutions at different time moments.

4.4 Discussion

HEMA polymerizes linearly through the carbon-carbon double bond in 2-
hydroxyethyl-methacrylate shown as the blue bold line in the Figure 4.2, and
crosslinks through the two carbon-carbon double bonds in diethylene glycol

dimethacylate shown as the red dashed lines in Figure 4.2.
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Figure 4.2 Polymerization of HEMA with DEGDMA.

Therefore, in order to evaluate the cross-linking Kinetics, we used the FT-IR
spectroscopy (Nicolet Magna 550). We followed the rate of decrease of carbon-
carbon double bonds in the system by measuring the rate of disappearance of the 1635

cm* peak corresponding to the carbon-carbon double bonds. [6]

Figure 4.3 shows the 1638 cm™ absorption peaks at time Os (a) and after 60 second of

polymerization (b) and 1720cm™ peak at time 0(c) and time 60s (d):
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Figure 4.3 1638 cm-1 peak at time Os (a) and after 60 second of polymerization, (b)
1720cm-1 peak at time 0(c) and time 60s(d)

In order to find the peak areas, we used the Omnic software (Nicolet Corp.).
Integration intervals were set manually, then the corrected baseline was set by the
Omnic software and the peak areas were calculated. The 1720 cm™ peak (Figure 4.3
(c), (d)) corresponding to carbonyl group in HEMA and DEGDMA was used as a
reference to calculate the conversion of carbon-carbon bonds in the system, because it
does not change during the photopolymerization. We followed the double bond
conversion, ¢, corresponding to the ratio of the reacted double bonds to the total
number of double bonds in the system. The conversion was found from the following

equation ¢=100x(1- XS,/ X,S,) [6] where X,and X, are the areas under the 1638
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cm? peak at time 0 (Figure 4.3 (a)) and time t (Figure 4.3 (b))
respectively(integration interval is 1604 - 1656 cm™), Spand s are the areas under
the reference 1720cm™ peak at time 0 (Figure 4.3 (c)) and time t (Figure 4.3 (d))
respectively (integration interval is 1652 - 1774 cm™).

The conversion of the double bonds ¢ with time is plotted in Figure 4.4 as the dashed
line. The intensities of the absorbance peaks were measured before polymerization
(solid line in the inset of Figure 4.4) and after 30, 50 and 60 seconds of the UV
exposure. The dashed line in the inset of Figure 4.4 shows the intensity of the 1635

cm™* peak after 60 seconds of photopolymerization.

200 1 o
0.16 I I
~ & S
Z 150} &°12 0.75.
> 20.08 a
— a3 3
o <0.04 S
g 100f o . 05
@ 1610 1630 1650 _, 7 S
> X (cm1) : ¥
@ H : —
2 50 itest 1025 €
° : S
& O

0*- - - " " i 0

0 10 20 30 40 50 60

Time(s)

Figure 4.4 The solid line illustrates the change of relative viscosity with time of
photopolymerization of the 4.5 wt% crosslinker solution (left y-axis) and the stars show
the conversion of double bonds during the photopolymerization (right y-axis) and the
dashed line is a trend-line. The inset shows a FTIR spectrum of the solution near 1635
cm™ before (solid line) and after 60 seconds of polymerization (dashed line)

We found that the number of the double bonds in the solution has decreased by 91.4%

after 60 seconds of the photopolymerization. This reduction of total number of the
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double bonds in the system is caused by both the linear polymerization of HEMA and
crosslinking of HEMA through the double bonds of DEGDMA. However, the FTIR
analysis (showing only the total extent of the polymerization) does not provide
information on the amount of the polymeric material involved in the crosslinked gel.
Therefore, we determined the amount of gel fraction in the polymerizing system as a
function of time (Table 4.1). This fractionation was achieved by washing out the
cross-linker, photoinitiator, and a linear polymer from the sample immediately after
the photopolymerization. We followed the same polymerization as described above.
After 45, 50 and 55 seconds of the UV-exposure of the 4.5wt% solution, the resulted
gel was collected with a blade from the glass slide. The sample was cured for time t
as specified in Table 4.1, weighted and washed in water to remove unreacted water
soluble monomer (HEMA\) then centrifuged and washed again with a hexane (VWR
International, LLC) to remove hexane soluble unreacted cross-linker (DEGDMA) and
photoinitiator. Then the sample was dried in the oven under the vacuum at 75°C for 2
hours. The sample was weighted again and the gel fraction was calculated by dividing
the weight of the washed and dried sample by the weight of the initial sample.

Experiment was repeated 3 times for each stage of polymerization.

Table 4.1 The amount of gel fraction at different stages of the photopolymerization.

Time of the UV-exposure, s Fraction  of  crosslinked
polymer at time t, wt %

45 (t¢ in Figure 4.4) 23.1+£2.11

50(ter in Figure 4.4) 30.9£2.8

55(ters in Figure 4.4) 35.7¢1.4
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Three points in Figure 4.4, taken at t¢q1, ter2 and terg correspond to the time moments
when nanorods of different lengths sway back for the first time. As follows from the

analysis of Figure 4.1 (c), the longer nanorods having greater parameter S stop

rotating earlier than the shorter ones. Accordingly, the 6.5 um long nanorods stopped
at time tg1, the 5.8 um long nanorods stopped at time t.,, and then the 3.9 um long
nanorods stopped at time t.3. The data presented in Table 1.1 suggests that the longer
nanorods most likely probe HEMA having weakly crosslinked gel nuclei, while the
shorter nanorods are able to probe HEMA having stronger crosslinked gel domains
with the total amount of gel in the suspension reaching ~ 36wt%. Thus, the MRS
provides instructive information about the viscosity of polymers undergoing gel

formation.

4.5 Conclusions

We theoretically developed and implemented new MRS method which can be used
for the in-situ (or in-vivo) rheological measurements of fluids and polymer systems
when the fluid viscosity increases with time exponentially fast. Only small quantity of
the sample is needed: for example, taking that the rotating 5 um long nanorod can
cover the 1pL volume, one can measure the rheological property of a drop of
comparable size. The material rheology can be probed on micro as well as on nano

levels, depending on the size of the used nanorods.

In this Chapter we described an experimental protocol to measure N - number of
turns that the nanorod takes on before it sways back for the first time. We then used
these results with the developed numerical model to find the characteristic time 7 for
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solutions of HEMA with 5 different concentrations of crosslinker undergoing

photopolymerization.

Remarkably, an exponential increase of viscosity can be traced beyond the point when
the polymer system undergoes transition to a gel and the domains start to appear. We
used FT-IR spectroscopy to show that the MRS with nanorods probes the viscosity of
HEMA when the conversion of double bonds reaches ~90%. We expect that this
method will open new horizons in the quantitative rheological analysis of fluids inside

the living cells, microorganisms, and aerosol droplets with thickeners.
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5 SELFASSEMBLY OF MAGNETIC
NANORODS FOR DROP-ON-
DEMAND MAGNETIC PRINTING

5.1 Introduction

With progress in nanotechnology, the complex fluids loaded with magnetic
nanoparticles find new applications in electronics, analytical chemistry, and nano and
biotechnology [1-9]. Many important applications require the assembly of magnetic
nanoparticles into micro and nanodroplets. For example, magnetic droplets are of
practical interest for printing of magnetic nanostructures on demand [10-13], for
synthesis of magnetic particles with a complex structure and functionality [14-17], for
the on-chip polymerase chain reaction (PCR) analyses [18], for injection of magnetic
markers into single cells and gene expression analysis [19], and for bioanalitical
applications [20]. Controlled formation of magnetic droplets with a broad range of
size distribution is a challenge; engineering applications typically assume printing of
magnetic droplets using commercial printing devices with a certain nozzle size

controlling the droplet diameter [21].

In this Chapter, we report on the development of a physical principle of self-assembly
of magnetic nanorods into droplets of different sizes without using any nozzle. These
droplets can be formed on demand taking advantage of the magneto-static interactions
between the nanorods and the magnetic field gradient. Since the nanorod length is

measured in tens of microns, only hundreds of nanorods are needed to form a chain
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spanning a millimeter big drop from the bottom to the top. Even in a millitesla strong
uniform field, hundreds of nanorods can be gathered together within fractions of a
second and are able to form a drop-diameter-long chain, Figure 5.1 (c) [22, 23]. In a
gradient field, the time of formation of a micron size magnetic cluster can be made
comparable or even shorter than that of a commercial printing device. All these
important features of the nanorod colloid should allow one to selectively concentrate a
finite amount of magnetic nanorods at the free surface and print multiple

microdroplets on demand.

5.2 Magnetic poppy heads formed by the nanorods

Schematic of the experimental setup is shown in Figure 5.1 (a). We prepared nickel
nanorods as described in Section 2.2. Ethylene glycol was added to the beaker with
nickel nanorods and after sonication for 30 seconds (Branson Sonifier 450), a uniform
suspension of Ni nanorods was produced. This dispersion was used for drop
formation. A double tape (MMM237, 3M) was attached to a glass slide to prevent the
droplet spreading. A permanent cylindrical magnet (K&J Magnetics, grade ND42)
with a tapered tip was attached to the XYZ linear stage (VT-21, Mikos) to allow the
alternation of the field gradient by moving the stage with a 100 nm minimum step in
the vertical direction. Magnetic field was calculated numerically by using the FEMM
software (http://www.femm.info), Figure 5.1 (b) and then the numerical results were
confirmed by the measurements of magnetic field at the central axis with a digital
teslameter (133-DG GMW Inc.) positioned with the manipulator (VT-21, Mikos) at
different distances | from the magnet (diamonds in Figure 5.1 (b)). For further

analysis, we approximated the axial component of magnetic field by formula
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B=b/1=0.735/1 which was proved correct in the range 1.7 mm < | < 7.1mm (the

dashed line in Figure 5.1 (b)).

¢$ experimental
—numerical
««+:B=0.735//

0 i : -
0O 5 10 15 20 25
Distance from the magnet / (mm)

Figure 5.1 (a) A schematic of the experimental setup used in the X-Ray phase contrast
imaging experiment, (b) axial magnetic field measured experimentally and calculated
numerically vs. distance | from the magnet, where | = 0 corresponds to a central point at
the magnet surface; (c),(d),(e),(f) : x-ray phase-contrast images of the droplet at various
distances | from the magnet to the droplet

An analysis of the nanorod assembly was performed using the x-ray phase contrast
imaging at Argonne National Laboratory. A schematic of the experimental setup is
shown in Figure 5.1 (a) and a sequence of pictures illustrating the behavior of
nanorods in magnetic field is presented in Figure 5.1 (c)-(f). We moved magnet
toward the droplet with a constant speed (V=0.2mm/s). The Figure 5.1 (c),(d),(e) and
(F) show the configurations of the droplet and the structure of nanorods chains and
clusters at different distances | from the magnet. When the magnet is far away from
the drop, the field is almost uniform and all nanorods are distributed evenly over the

droplet volume. Magnetic field orients the nanorods in the vertical direction, but the
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nanorods are free to move so that they form long chains from the droplet bottom to
the free surface. Remarkably, the drop shape does not change during this nanorod
movement. This behavior of nanorods is very unusual and cannot be reproduced with
a ferrofluid, a colloid of magnetic nanobeads [24]. Ferrofluid droplet responds on the
field gradient by deforming the whole fluid body, Figure 5.3 (d)-(e). Contrary to the
ferrofluid, the nanorod droplet, like a poppy head of the orthodox church, forms a

sharp peak at the top of the droplet.

As the magnet is moving toward the droplet, the chains start moving to the top of the
droplet and cluster there (Figure 5.1 (d)). The magnetostatic energy of two magnetic
dipoles oriented in the head-to-tail configuration is half of that observed in the
configuration when the dipoles are placed side by side [25],[24]. Therefore, the
distant nanorods have a tendency to form chains. Contrary to magnetic beads, two
parallel nanorods are prone not only to the head-to-tail ordering, but they have a
tendency of sidewise attraction as well [23]. In a gradient field, the magnetic force
acting on a nanorod oriented along the z-axis in its negative direction is written as

F,=(m-V)B=—(m,0/0z)B where m, is a magnetic moment of the nanorod and B is

a magnetic field vector. Therefore, the radial component of the magnetic force
causing the nanorods to cluster at or spread away from the central axis is dictated by
the z - derivatives of the B, - field component. Radial component was calculated in
FEMM along the central axis of the magnet and along solid and dashed lines shown in

Figure 5.2:
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Figure 5.2 (a) A schematic of experimental setup, (b) radial component of the magnetic
field B, along the lines shown in (a), (¢) z-derivative of the radial component dB,/dz
along the lines shown in (a).

The radial field component is directed toward the central axis, i.e. it is negative. This
component fades away as the z-coordinate increases, Figure 5.2 (b). Therefore, the
radial component of magnetic force is negative, pushing the nanorods to cluster at the
central axis. The graph of the z-derivative of the radial field component is shown in
Figure 5.2 (c) As follows from the figure, the z-derivative of the vertical component
of magnetic field is negative. So is the z-component of magnetic force (Figure 5.1

(b)): it tends to bring all nanorods to the top.

As the cluster size increases, it deforms the droplet by creating a sharp peak at the top
(Figure 5.1 (e)). The rest of the droplet profile remains non-perturbed. Until moment
(e) in Figure 5.1, the process of the droplet deformation is reversible: the droplet takes
on the original shape when the magnet is shifted back to its initial position. Figure 5.1
(F) shows the first irreversible shape of the droplet at critical distance I . At this
moment, the whole cluster filled with magnetic nanorods detaches from the mother
droplet and jumps toward the magnet. This is a manifestation of an interfacial

instability when the surface tension is unable to support the surface deformations and
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any infinitesimal perturbation of the surface results in an eruption of the droplet

interior [26].

Since the Bond number is less than one, Bo = o/pgR? <<1, gravity is insignificant in
these experiments. Therefore, the drop shape is controlled mostly by the capillary
force. Only magnetic cluster having a tendency to jump to the magnet perturbs the
droplet shape by pulling the droplet surface toward the magnet. Thus, the droplet
profile is expected to be similar to an equilibrium unduloid describing the shape of a
droplet sitting on a wire, Figure 5.3 (f) [27]. In the drop-on-a-wire model, the
unduloid is pulled in the opposite directions by the interfacial tension of the dry wire

surface acting at the contact lines.

Figure 5.3 (a) The droplet with nanorods dispersion sitting on a glass slide, (b) shape of
the nanorod droplet at the critical distance Icr from the magnet, (c) stainless steel wire
with diameter d=0.46mm is inserted in the same droplet, (d) ferrodluid droplet sitting
on a glass slide, (e) shape of the ferrofluid droplet at the distance Icr from the magnet, (f)
configuration of ethylene glycol droplet sitting on stainless steel wire (wire was treated
with plasma to make surface hydrophilic).

110



In order to confirm this analogy, the magnet was brought towards the droplet until the
distance between them reached Icr (Figure 5.3 (b). Then the magnet was removed and
different wires with diameters in the range of 0.07<d<1.5 mm were brought in contact
with the droplet (copper wires with diameters d=0.4, 0.8, 0,85, 1 and 1,5 mm;
tungsten wires with d=0.127 and 0.07 mm, stainless steel wires with d=1, 0.8 and 0,46
mm). The image analysis was conducted using MatLab. The unduloid corresponding

to the given droplet is a solution of the Laplace equation of capillarity [27]:

dz 2 (X, =%, €0S 8) + XX, (X, €08 5 — X,) 5.)
[r2(x, =%, €08 B)° (x,” —1*) = X2 (X, cosﬂ—xl)%x;—rZ)]i

The shape of the droplet is defined by function r = f (z, x1/L,x2/L, ), where x1 is the
wire radius, x2 is the droplet radius, L is the droplet length, and £ is the contact
angle (Figure 5.3 (f)). Adjusting the contact angle £ and the droplet height L one can

fit the droplet shape. The droplet radius, x2 was taken from the images and the wire
radius x1 was considered equal to the wire radius in our experiment, x1. Two other

parameters, L, and S were adjusted to fit the image with function z(r), a solution of

Eq. (5.1).

Upon immersion of a stainless steel wire with x1 = 0.23 mm (d=0.46 mm), we
observed an unduloid, the solid line in Figure 5.3 (c), which was identical to that
shown in Figure 5.3 (b) and corresponding to the onset of instability. An apparent

contact angle was obtained as #=49+0.7° (an averaging is based on n = 7 droplets).
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Using the droplet-on-a-wire analogy, one can introduce a radius of equivalent wire,
x1. The ratio rl/x1 was found to be 2.7 for the droplet in Figure 5.3 (b) and (c). In
order to check if the ratio r1/x1 is universal for all poppy heads, we conducted the X-
ray experiments with different concentrations of nanorods in the initial droplet
resulting in different radii of the magnetic cluster — r1,r2 and r3 (Figure 5.4 (a)-(c)).
The cluster radius r was taken from the X-ray images as defined in Figure 5.4: we
drew a horizontal line emanating from the outmost dark edge of the magnetic cluster.

This edge is considered as the bottom boundary of the poppy head.

X13

Figure 5.4 X-ray images of droplets with 3 different initial concentrations of nanorods
showing the same ratio ry/ X1;= ry/ x1,- ryf Xx13=2.7

Taking advantage of this universal ratio, we first measured radius r; from Figure 5.4
(@). Then we calculated the radius of the equivalent fiber for the first droplet, x1; =
ri/2.7. Then we adjusted two other parameters, L, and g to fit the image with
function z(r), a solution to Eq. (5.1). In two other droplets with the smaller nanorod
concentrations, we kept the L-parameter same as that obtained for the first droplet.
Then we measured two other radii r, and r3 and obtained the radii of equivalent fibers

as X1, = /2.7 and x13 = r3/2.7. The S - parameter was adjusted to fit the images with
functions z(r). The corresponding contact angles were found to be almost the same, S

=49.4°, 5,=49.1°, 5,=49.3°. It can be seen from Figure 5.4 that the numerical
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solutions of Eq. (5.1) overlap with the experimental droplet profiles. Therefore, we
can conclude that the droplets with the same radius (X2) and different radii of the
magnetic clusters can be described by function z(r), a solution to Eq. (5.1) by using

the same L - parameter for all droplets, and adjusting parameter 5. An effective wire

radius is defined X1=1r/2.7.

This analysis reveals an interesting universality of the poppy heads. It appears that the
poppy heads can be considered as “frozen magnetic clusters” acting on the drop as
solid objects. One can introduce an effective contact angle modeling the poppy head
as a cone. The unduloid solution serves as an asymptotic solution of the Laplace
equation of capillarity for a mother droplet. The contact angle where the unduloid
meets the magnetic cluster is well defined and it is universal for all droplets of

different generations. It is equal to 8 =49°. Using the discovered universality of the

magnetic clusters, we can analyze the forces acting on them and explain the instability

of poppy heads.

5.3 Stability of magnetic poppy heads. Analysis of forces

Figure 5.5 (a) shows the forces acting on the cluster of magnetic nanorods at critical

distance Il
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Figure 5.5 (a) Forces acting on the cluster of magnetic nanorods at critical distance Icr,
(b), (c) the cluster formed by magnetic nanorods at the top of the droplet for 2 different
concentrations of nanorods in the initial droplet c%owt(b)>c%wt(c), resulting in
different cluster radii, r. The solid line shows an unduloid with angle 5 = 49°, (e) for the
given cluster radius r, the circles correspond to the left hand side of Eq. (5.3) taken at
Icr.min. The stars correspond to the left hand side of Eq. (5.3) taken at Icr.max. The
solid line is a theoretical fit with the right hand side of Eqg. (5.3) where o was used as an
adjustable parameter.
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The first force is a magnetic force, F, =(m-V)B, that the magnet acts on the
magnetic cluster. In this equation, m is a magnetic moment of the cluster and B is a
magnetic field vector. If we consider the magnetic force acting in the vertical
direction, we can write F_ =mB/1%. As was shown previously, the magnetic field can
be approximated as B=b/I=0.735/l (the dashed line in Figure 1 (b)). Therefore, the
magnetic force acting on the top part of the droplet can be written as
F, =ab®V /1°u, where u, is the magnetic permeability of vacuum, V is a volume of
magnetic cluster, and « is a coefficient characterizing the cluster magnetic

properties.
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The second force acting on the magnetic cluster is a wetting force, F, = 2zro cos(f),

which is proportional to the radius of the magnetic cluster, r, to the surface tension of

the liquid o and to the contact angle 3.

The third force is produced by the capillary pressure in the droplet F, =2o7r?/R
where R is a radius of the mother droplet. The wetting force is in the order of
magnitude greater than the gravitational force, F,/F, cos(¢)—0 . Therefore, the
gravitational force can be neglected in the balance of forces acting on the magnetic

cluster. When the gravitational force is neglected we can write down the following

force balance at the distance I

abN  2oxr?
+

. =2nro cos(d) (5.2)
0

The volume of the magnetic cluster can be found as a volume of a cone with radius r

and heighth=rtan 8:V = zr®tan /3. Therefore, Eq. (5.2) can be re-written as:

b* 6o cosﬁ_i)
Pu, atanp” r* IR

(5.3)

In order to find constant « and check the theoretical model, we conducted
experiments with 7 droplets of the same size (R=4.46+0.2mm) and with different

initial concentrations of nanorods in the droplet in the range from 0.043%wt to
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0.4%wt. The critical angle g was measured for all 7 droplets at distance Icr. and

mean value from 7 measurements is S =49°.

In our experiments, all instabilities were formed in the region 1.7mm<I<7.1lmm
where the magnetic field can be approximated as B=b/I=0.735/l. The stage was
moved towards the magnet with a 100nm step to reach a critical distance for the
instability formation. The process was recorded with a Photron FastCam and Dalsa

cameras at 100 fps. Videos were analyzed with VirtualDub and ImageJ software.

First, we estimated the concentration of nanorods in the magnetic cluster at different
initial concentrations of nanorods in the droplet. It appears that the concentration of
nanorods in the cluster does not depend on the initial concentration of nanorods in the
droplet. Lower concentration of nanorods in the initial droplets resulted in a smaller
radius r of magnetic cluster and smaller distance I.. . Three parameters were measured
from the recorded videos at the distance Icr. : radius of the cluster r, distance from the
poppy head to the magnet Icr.min., and the distance from the base of the cluster to the
magnet, Imax.. The results of these experiments are shown in Figure 5.5 (d). For each
given cluster radius r, the circles correspond to the left hand side of Eq. (5.2) taken at
Icr.min. The stars correspond to the left hand side of Eq. (5.2) taken at Icr.max. The

6o (cos[)’ —iR), where o was
p

solid line is a theoretical fit with function f (r) = >
atanf - r

used as an adjustable parameter and the best fit was reached at for o =0.026
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This analysis confirms that the magnetic cluster formed from nanorods can be
described as a cone-shaped solid body moving in the gradient field and deforming the
top part of the drop. Extrapolating Figure 5.5 (d) to the smaller cluster radii, one
expects that nanometer droplets can be formed by this method. Therefore, this
principle can be used for generation of magnetic droplets on demand with desired size

and volume.

5.4 Conclusions

In this Chapter we described a physical principle of self-assembly of magnetic
nanorods into droplets of different sizes. These droplets can be formed on demand
using magneto-static interactions between magnetic nanorods and a magnetic field
gradient. We conducted experiments with different concentrations of nanorods in the
initial drop and in different magnetic field gradients resulting in the different sizes of
magnetic clusters. We theoretically and experimentally confirmed that the cluster of
nanorods at the top of the droplet is acting as a cone-shaped solid body deforming the
top part of the droplet when moving towards the magnet. By applying a higher
magnetic field, one can possibly extract picoleter volumes of the liquid. All these
important features of the nanorod colloid should allow one to selectively concentrate a
finite amount of magnetic nanorods at the free surface and print multiple

microdroplets on demand.
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6 CONCLUSIONS

In the first Chapter of this Dissertation we reviewed current microrheological methods
and developed a Magnetic Rotational Spectroscopy (MRS) method describing
nanorod response to a rotating magnetic field. First, we developed analytical and
numerical models to study Newtonian liquids of different viscosities at the
microscale. The model is designed for a specific experimental protocol. We
introduced and examined physical parameters which can be measured experimentally.
The same method can be used to estimate magnetization of nanorods provided that
viscosity of surrounding liquid is known. We then modified the model to include non-
Newtonian liquids with exponentially increasing viscosity. We conducted full
numerical analysis and summarized the results in a form of a phase diagram which
can be used to study the system behavior at different initial conditions. Using the
numerical analysis, we developed an experimental protocol enabling extraction of the

physical parameters of the model.

In the second chapter, we reviewed the techniques for magnetic nanorods synthesis.
We described a setup and experimental protocol to synthesize nickel nanorods with
the desired geometrical properties. In particular, the main attention was paid to the
method to control the nanorod length to diameter ratio. We developed a
multifunctional magnetic rotator that allows one to generate rotating magnetic fields
in a broad frequency band, from hertz to tens kilohertz. This magnetic rotator was
used for the rheological studies of simple and polymeric fluids at the nano and

microscale. We believe that this multifunctional magnetic system will be useful not
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only for micro and nanorheological studies, but will find much broader applications

requiring remotely controlled manipulation of micro and nanoobjects.

In the third chapter we employed the designed magnetic system to study a
temperature-dependent viscosity of synthetic oil used as a viscosity standard.
Magnetic rotational spectroscopy described in the first chapter was used for these
purposes. It was shown, that the MRS-based results perfectly reproduced a

temperature dependence of the oil viscosity during the heating process.

A suspension of nickel nanorods, aligned in a magnetic field and illuminated by a
visible laser beam, was used for the analysis of the diffraction pattern. It was found
that increasing the concentration of nanorods in the suspension one can increase the
area of diffraction wings. The control of this diffraction pattern is needed in the
optofluidic applications where one requires to illuminate a larger area yet no direct
mechanical contact with the light source is possible. We showed that the diffraction
pattern can be rotated by spinning the magnetic field. The nanorods are stable in
rotating magnetic field, i.e. the rotation of the field does not break them as it would
with a chain of spherical magnetic nanoparticles. The produced nickel nanorods are
able to rotate at the rate as high as 25 revolutions per seconds that is beyond the limit
of naked eye resolution for moving objects. This effect opens an opportunity for use
of these colloidal suspensions in medical optofluidic devices producing stationary

illuminating spots, for example in endoscopes.
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In the fourth chapter, we studied the time-dependent rheology of microdroplets of 2-
hydroxyethyl-methacrylate (HEMA)/diethylene glycol dimethacylate (DEGDMA)-
based hydrogel during photopolymerization synthesis. We demonstrated that
magnetic rotational spectroscopy provides rich physico-chemical information about
the gelation process. The method allows one to completely specify the time-dependent
viscosity by directly measuring characteristic viscosity and characteristic time.
Remarkably, one can analyze not only the polymer solution, but the suspension
enriched with the gel domains being formed. Since the probing nanorods are
measured in nanometers, this method can be used for the in vivo mapping of the
rheological properties of biofluids and polymers on a microscopic level at short time

intervals when other methods fall short.

In the fifth chapter, we described a physical principle of self-assembly of magnetic
nanorods into droplets of different sizes. These droplets can be formed on demand
using magneto-static interactions between magnetic nanorods and a magnetic field
gradient. We theoretically and experimentally confirmed that the cluster of nanorods
at the top of the droplet is acting as a cone-shaped solid body deforming the top part
of the droplet when moving towards the magnet. The developed model allows one to
selectively concentrate a finite amount of magnetic nanorods at the free surface and

print multiple microdroplets on demand.
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