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Chpater One: Nanoparticle Review

1.1 Introduction to Nanoparticles

Nanoparticles are solid particulates found on a size scale of iO meters. A

variety of materials including ceramics, semiconductors and metals have been

prepared in the form ofnanopaticlesJ'1 Tremendous interest in nanoparticles arises

from their unique material properties that demonstrate size dependent behavior. The

size dependent properties of nanoparticles cover a broad range including non-linear

optical, fluorescence, catalytic, transport, surface, mechanical, electrical and

magnetic.12'31 These features of nanoparticles make them useful for many areas of

application such as chemical (e.g. catalysts), energy (e.g. solar cells, fuel cells),

biomedical (sunscreens, biological tagging), electronics and optoelectronic devices1"

Nanopartides

oecule

LLJ

3uk Maeiith

Figure 1.1: Progression of a Material from Atoms to Bulk Material. Nanoparticic
materials are found between the molecular scale and bulk material scale.

All nanoparticles share a key feature setting them apart from bulk materials.

They all have a large number of atoms on the surface relative to the number within

the crystal structure. The surface properties then dictate the behavior of the material

more significantly in narioparticles than in bulk materials.14' With a high numbcr of

surface atoms, the surface defects affect nanoparticles strongly. In fact, both the

chemical and physical properties of nanoparticles are more influenced by surface

defects than their bulk material counterpartsJ" The behavior and properties of
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nanoparticles also demonstrate a greater sensitivity to solvents, solutes and

stabilizing agents due to their surface effectsJ51 The effects of surface chemistry can

be clearly seen in fluorescence studies of semiconductor nanoparticles. For example,

Resch et al. found the hydrogen bonding from a solvent would influence the

fluorescent capability of a semiconductor colloid solution. They discovered

fluorescence only occurs when the solvent or any solutes present do not form

hydrogen bonds with the particle surface.51

1.2 Features of Semiconductor Nanoparticles

Semiconductor nanoparticles demonstrate quantized optical and electronic

properties. Such unique properties have made these particles useful for quite some

time as red and orange stained glass were colored in European cathedrais using dilute

soluuons of zinc and cadmium sulfide aid selenide nanopartic.iesJ61 They attracted

higher interest and became the subject of more intense studies during the energy crisis

f he 1 970s with the potential for applications in alternative energy conversion

processes.61

Bulk materials have valence and conduction bands. The conduction band is

formed by the joining of the unoccupied energy levels of the individual stnictural

units and the valence band is formed by the joining of the occupied energy levels. In

metals there is no energy gap between the valence and conduction bands and the

electrons are free to move within both bands and therefore the entire material. This is

the feature that leads to the conductivity within metals. In semiconductors, however,

there is an energy gap between the conduction and valence bands and energy is

required to excite electrons from the valence band to the conduction band. Figure 1.2
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illustrates the differences between the conduction and valence bands in

semiconductors and metals. When an electron moves to the conduction band a hole is

left behind in the valence band. The electron and hole are then allowed to move

freely within the conduction band and valence bands, respectively. In order for an

electron to move to the conduction band energy must be provided to excite the

T[uctbn Band

Meta'

Band

Semiconductor

Figure 1.2: Comparing Conduction and Valence Bands in Metals and
Semiconductors. As seen, there is no energy gap between bands in metals, but the
gap is found in semiconductor materials.

electron. This energy typically comes in the form of a photon of the appropriate

wavelength to exactly match the energy difference found in the band gap of that

material.

Sometimes defects or other constraints prevent the electron and subsequent

hole from being free to move within their designated bands. Such constraints confine

the electron-hole pair together and allow for electrostatic attraction to become an

important force. In these cases, the electron and hole pair is referred to as an exciton.

The interaction between the electron and hole can be described in a similar manner to

the interaction that holds a hydrogen atom together, the hydrogen-like Hamiltonian,
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The first term in equation one includes M, which is equal to the sum of the effective

masses of both the electron and hole. This term describes the translational energy of

the exciton. The second term in the Hamiltonian describes the allowed energy levels

between the electron and hole (the different energy states). Here /1 represents the

reduced mass of the exciton. From this term, the energy required for moving from

the ground state to an excited state energy level, or the state where an exciton is

present, can be deduced. The electron energy states are represented by Equation 2.

R*

E=---- (2)

Where Ry* is the Rydberg constant for the exciton. Then, the energy necessary for

obtaining an excited state can be represented as Equation 3.

R; h2K2En(K)=Eg__+ (3)
n2 2M

The energy required is found to be dependent upon the band gap energy, Eg, the

hydrogen-like set of energy levels found in the second term and kinetic energy the

third term which includes K, the exciton wave vector. [7]

With the Hamiltonian it is also possible to predict the most probable radius of

a hydrogen atom, and this is referred to as the Bohr radius. Likewise it is possible to

predict the radius of an exciton in a similar manner, however taking into account the

medium and the effective masses of the hole and electron.

Nanoparticles, due to size constraints, apply physical limitations to electron-

hole pairs within them. In fact, within particularly small particles the size constraints



are smaller than the Bohr radius for the exciton and so the process of understanding

the exciton behavior must be re-evaluated. In such cases the lowest energy level of

the exciton is completely delocalized throughout the entire particle. This results in

the formation of discrete energy levels, rather than general energy bands, to determine

the electronic transitions. The energy required to reach an excited state with an

exciton present must now be treated as a particle in a spherical box problem, leading

to a description of the energy requirements as,

(4)
21ur

Whenever particle sizes are below the intrinsic parameter that determines the Bohr

radius of the given material the energy required for creating an exciton can he

determined by Equation 4. included in Equation 4 is first the bulk material band gap

/
Conduction Band

EgI

Va1nce Band

P rtide
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Figure 1.3: Changes in Bandgap Energy
with Particle Size.

energy and a second term that

takes into account the radius of

the particle, r. Whenever

particles have a radius smaller

than the Bohr radius, quantum

size effects are found. For

rticfe cadmium sulfide the Bohr
Diameter

exciton radius is 34 A.71 Figure

1.3 demonstrates the transition in

the band gap with decreasing particle size. As the size of a particle decreases the

energy required for an excited transition increases.



As size quantization affects the energy required for an electronic transition to

an excited state, the UV absorption behavior of the material is also affected. As

stated before, the process of exciting an electron is typically done via a photon of the

appropriate wavelength. The wavelength of the photon is determined by the photon's

energy. As different amounts of energy are required for electronic transitions within

different sized particles, different wavelengths of photons are absorbed by each

different size. This means that the UV absorption spectra of different particles can be

related to the size of the particles.

1.3 Applications of Semiconductor Nanoparticles

As the chemistry of preparing high quality semiconductor nanoparticles

become readily available, companies have started to producing and marketing

semiconductor nanoparticles. They are typically referred as semiconductor quantum

dots. For example, Evident Technologies has developed EviDots, semiconductor

quantum dots that are available in colloidal solutions in a variety of colors and

packages. Semiconductor quantum dots find their first commercial application in

biology. They make excellent dyes compared to their organic counterparts. In

particular, they are stable for studies under a microscope, perform well across a wide

temperature range while being tunable,81 and have less stringent optical system

requirements relative to other dyesi91 Quantum Dot Corporation has developed ways

of stabilizing and derivatizing semiconductor quantum dots for imaging purposes.

According to the Quantum Dot Corporation, quantum dots are ideal fluorophores in

that they are "bright and non-photobleaching with narrow, symmetric emission

spectra, and have multiple resolvable colors that can be excited simultaneously using
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a single excitation wavelength."61 In addition to biological applications (biological

reagents and cellular imaging), there are enormous efforts to use semiconductor

nanoparticles for other applications such as single electron transistors, light emitting

diodes, lasers, solar cells, optical amplifiers, sunscreens, sensors and wave guides.81

1.4 Production of Semiconductor Nanoparticles

1.4.11 ntroduction

As the number of applications for quantum dots has increased there is a need

and desire to produce and manufacture quantum dots in an efficient and cost effective

manner. In order to meet the specifications of their applications, it is necessary to

produce the quantum dots in such a maimer that they are all identical. First, one must

consider the surface features of the particles. As stated above, the properties of

nanoparticles are extremely sensitive to surface defects. Itis therefoie necessary to

control and minimize such defects. Secondly, because the properties of the quantum

dots are determined by their size it is necessary to produce them in a narrow size

distribution. Finally, it is important to produce the quantum dots in a stable form (e.g.

colloid solution).

1.4.2 Surface Defects

In order to eliminate surface defects a variety of techniques and modifications

have been adopted. First there is a core-shell structure that has been used in the

commercially available semiconductor quantum dots. Both Evident Technologies and

Quantum Dot Corporation have implemented this technique in their products. The

core-shell structure is referred as a type of composite nanoparticles. It consists of an

outer shell made of a large bandgap (high energy transition) semiconductor that acts
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as an insulator for the smaller bandgap (lower energy transition) core.11 This outer

coating is useful in two ways, first it increases the photostability of the inner core and

secondly it eliminates the surface 'traps' (defects that allow for nonradiative

emission).'1 An additional silica coating outside of the shell can be utilized to

improve solubility and allow for derivitization of the nanoparticles.91 As stated

previously, it is also possible to influence (optimize) the fluorescence behavior of a

colloid with the solvent's hydrogen bonding capabilities)51 Rather than modifying

the surface to essentially cover the defects, slow growth and annealing can he utilized

in the appropriate coordinating solvent to grow nanoparticles in such a way to

minimize surface defects without use of a shell, although this method is time

consuming. [101

1.4.3 Monodispersity

Two major approaches have been used to create monodispersed solutions of

semiconductor nanoparticles. Post-production methods apply separation processes

after reactions have taken place to sort out nanoparticles of different sizes from a

polydisperse nanoparticle solution. The second approach is to prepare monodisperse

nanop articles through controlling the nucleation and the growth process of the

nanoparticles.

1.4.3a Post-Production Methods

One post-production method employs size exclusion chromatography, which

can be performed through a standard High Pressure Liquid Chromatography (HPLC)

column. By sending a sample through a HPLC column, packed with silica, the

nanoparticies are separated according to their size. The larger particles take longer



time to elute through the column. Once a column has been calibrated by a direct

particle size characterization technique (i.e. Transmission Electron Microscope-

TEM), this process can be used as a convenient method to determine particle size and

size distribution."21 This method, however, can oniy handle a small quantity of

samples which is not an effective means for mass production.4"1"21

The second post-production method is size selective precipitation. Size

selective precipitation alters the solubility of nanoparticles in a colloidal solution via

the addition of a second solvent. This was achieved through the preferential

flocculation of the larger nanoparticles by increasing the polarity of the dispersing

liquid. Enhancing the solvent polarity reduces the attractive forces between the

nanoparticles which the largest particles experience the most. The sample was then

subjected to centrifugation to separate out the largest particles. This process can be

repeated a number of times to collect monodispersed nanoparticles of various size

ranges from an initially polydisperse colloidal solution. This method has been used

effectively to produce CdS, CdSe and CdTe nanocrystals of tunable sizes from 12 to

115 A. This method, however, gives low yields and is time consuming, not suitable

for mass production.2"°1

It is also possible to use gel electrophoresis as a method of post-production

separation. Gel electrophoresis utilizes a polyacrylamide gel with an electrical field

applied across it. The surface charges on the particles force them to move through the

gel at a rate determined by their size and charge. The particles are then separated

according to these things. When the leading particles make their way 2/3 of the way

through the gel, the process is stopped, the gel is sliced and the particles within the
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individual slices are recovered in monodisperse samples. Again, this process

allows for the collection of monodisperse samples, although limited in quantity and is

time consuming. [4]

1.4.3b Controlled Nucleation and Growth

Production of monodisperse nanoparticies through synthetic means (not

requiring any postproduction modifications or processes) can be achieved through

controlled nucleation and growth processes.

One approach uses competitive growth and termination of the growth process

via capping agents. This has been done in with CdS species, produced from the

combination of cadmium acetate and sodiuni sulfide (in a water / methanol or

acetonitrile solvent mixture). The particle growth was terminated by a thiophenol

surface capping agent. The termination process was found to he competitive with the

growth process, hence the addition of additional sulfur causes further growth of the

partic1es.'31 In a similar process, injection of cadmium acetate and sodium sulfide

into a hot surfactant solution (triethylphosphine oxide or trioctyiphosphine oxide) and

controlling the reaction temperature results in the growth of mnonodisperse samp1es

Here the reaction solvent was manipulated to influence the resulting particles' size.t141

Another popular approach for controlling the size of nanoparticles during

growth to create monodisperse samples has included growth within confined space

like vesicles, zeolites, glasses, polymers, reverse micelles and microemulsions.13'5'151

Microemulsions and reverse micelle systems have advantages in that they isolate

water soluble reactants in separate but similar water pools, limiting interaction. The

separated water pools result in a highly controllable system dependent upon the
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nature of the microemulsion utilized. CdS particles have been synthesized by

mixing cadmium perchiorate and sodium sulfide within a microemulsion. Control of

the resulting particles' monodispersity is done by controlling the exchange rate of the

microemulsion.t1 5]
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Chapter 2: Study Objectives

The objective of this work is to explore the feasibility of using microreaction

tecimology for the generation of monodisperse nanoparticle solutions with precise

control over the nucleation and growth conditions. Microreaction technology utilizes

microfabrication techniques in chemical reactor technology to miniaturize a chemical

plant. Microreaction technology offers several advantages in production processes

including, [16J

1. Rapid heat and mass transport.

2. An increase in yield and selectivity, leading to higher purity products.

3. Safety advantages due to small volumes and precise temperature control.

4. Ease of optimIzation.

5. Simplified scaleup by increasing the number of units utilized.

6. The ability to have a number of small production plants (Such systems do

not follow the rule of decreasing cost with increasing plant size).

2.1 Preparation of Monodisperse Nanoparticle Solutions

The preparation of a nanoparticle solution is basically a crystallization

Process. The crystallization process must be carefully controlled in order to produce

a inonodisperse and stabie nanoparticle solution.

The underlying mechanism of a crystallization process begins with the

collision of reactant molecules, followed by chemical reaction, particle nucleation and

finally, particle growth. In the case of crystallization from an ionic solution the

process would begin with the collision of individual ions. Sugimoto'7' developed a

list of requirements for the preparation of monodisperse solutions. The first condition
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is burst nucleation. Burst nucleation is the separation of the growth process fron

the nucleation process. Bust nucleation means that all the particles begin to grow at

the same moment (in a burst), they will then all be growing the same amount of time

and therefore be the same size. With this in mind, preparation of rnonodi sperse

nanoparlicle solutions requires a well controlled and efficient nuc!eaton process to

begin with. Secondly, aggregation of the particles must be inhibited. As the particles

grow they have a tendency to coagulate and broaden their size distribution or settle

out of soiution. Next, the growth mechanism can affect the size distribution, it has

been verified that diffusion controlled growth leads to a narrow size distribution.117"81

The final two requirements includ.e the Gibbs-Thompson effect (size dependent

stability) and the reserve of a monomer. Reserve of a monomer" means controlled

release of reactant, such as through a buffer solution with a complexing agent.

2i.i Burst Nucleation

Burst nuclealion strongly depends upon the mixing conditions ofthe reactants,

the quicker and more efficient the mixing, the more likely a burst nucleation will

occur. 'Ike key is o create a mixing condition that is faster or comparable to the time

scale o the reaction.

Mixing occurs in three major mechanisms; inertial convective, viscous

convective and viscous diffusive.1191 Inertial convective mixing involves the

deformation and breaking up of large sections of fluid by a fluid motion. This occurs

when mecharical stimng 01 other sources are influencing the deformation of the

fluid. In such cases the primary mode for mixing conies from the movement.
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breaking down and rearrangement of large (macroscopic) portions of fluid. This is

the sort of mixing that is enhanced by turbulent fluid flow.

When fluid eddies are formed within a fluid they cause laminar strain and

viscous deformation to begin manipulating specific portions of the fluid. This is what

is referred to as viscous convective mixing. Molecular diffusion slowly becomes

important in viscous convective mixing. This can be justified as the rate of molecular

diffusion becomes comparable to the rate of mixing occurring due to deformations

caused by laminar strain.

Finally, viscous diffusive mixing takes place when laminar strain and

molecular diffusion become ofroughly equal inipoitarice. En this realm,

oncentranon gradients found in small fluid eddies -are rapidly dissipated by

molecular diffusion. Although some niechanical force forms concentration gradients,

the size scale is so small molecular diffusion is fast enough that the concentration

gradient disappears almost immediately.

Typical mixing systems involve two steps. First, the fluid is broken down into

small portions and these individual portions are recombined so that a number of

concentration gradients are formed- This is traditionally done using some form of

mechanical mixing or turbulence. Then, molecular diffusion takes over to dissipate

all of the concentration gradients formed by the initial breaking up of the fluid. [20]

Within microfluidic systems, due to small channel sizes, the flow is generally

characterized by low Reynolds numbers and is therefore laminar. Within this flow

regime, the breaking up and deformation of fluid elements becomes difficult. The

laminar flow characteristics, thus, limit the mixing options and viscous diffusive
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mixing becomes the most viable option. Although limiting mass transport to

molecular diffusion initially appears to be challenging, a number of micromixers have

been developed that overcome the limitations imposed by the laminar flow.

As only laminar flow is found in micromixers, there are two available options

to enhance mixing. The first is the simple use of physical features within the flow

pattern, such as grooves and / or bends in the channels. Such features cause small

disruptions in the fluid flow lines and enhance mixing. Use of grooves in a I-

microchannel micromixer, when operated using electro-osmotic flow has been shown

to enhance mixing.1211 Such methods are not as applicable when pressure driven flow

is utilized, however, as fluid is not forced to interact with surface structure features as

it is in electro-osmotic flow.

Multilayer lamination breaks a fluid down into small pieces and then

combines, or layers, the small pieces of one fluid with those of another. The smaller

the size of the fluid pieces, the faster mixing will occur. The time required for mixing

is known to be proportional to the square of the width of the channel. [211 As the

channel is segmented into more and more smaller and smaller pure fluid 'channels'

the time required for mixing decreases. As a fluid is broken into n segments, the

mixing time is then related to n2-times faster mixing.1221 The designs of muitilayer

lamination style mixers fall into two main categories. Through a process of

segmenting two fluids initially separated, then using different vertical and horizontal

combinations, a laminar fluid design can be developed.20'22'231 In such systems the

fluids are gradually segmented and gradually recombined. The second design method

is referred to as interdigital.' This design requires the segmentation of two fluids
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into one another, using sinusoidal walls to separate them. The fluids are combined

and then flow out at a 90 degree angle in a layered manner once they are above the

channel walls. The interdigital design was first created by a group of German

scientists, utilizing LIGIA technology to fabricate their mixers out of metal materials

and then built housings for their mixing e1ements.241

Several advantages are present within multilayer lamination systems that are

helpful as they are applied as micromixers. First, the distances thru fluid medium

which matter is required to travel are small as they are designed to split pure fluid

elements into extremely small sizes. Then large concentration gradients can be

created over these short distances. This allows for rapid changes in concentration, an

intrinsic advantage of these micromixers. Secondly, large surthee area to volume

ratios can be created within the micromixer systems, allowing for large areas where

transport can occur. Finally, with only laminar flow, the flow patterns are easily

controlled and predicted, unlike turbulent or complex systems.

2.1.2 Inhibition of Coagulation

Without some form of modification aggregation of the nanoparticles within a

solution will naturally occur. Preparation of true colloidal nanoparticle souticns

requires the development of the ability to stabilize the particles. Instability tends to

stem from two different areas, aggregation of the particles and photodegradation. The

problem of photodegredation is particularly a problem when a solution is to be used

in fluorescence studies and has been addressed using composite nanoparticles (using

two different materiais in a core-shell arrangement)J1'6'9'251
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Surfactants are commonly used for the inhibition olaggregation in

semiconductor nanoparticle solutions. Using a polyphosphate surfactant for

stabilization commonly results in chains of average length of 15 phosphate units

bound to the particle surface metal ions, creating both steric and electrostatic

repulsion. [41 Alkyl groups attached to the surface of particles can provide steric

hindrance, however their stabilization ability is strongly influenced by their

interaction with the solvent.'°1 When capping agents are used for growth termination

(such as triethyiphosphine oxide or thiophenol) they also serve as surfactants aiding

in stabilization.t13"41 Electrostatic double layer repulsion can be created in the case of

CdS nanoparticles by adding an excess of one ion, either Cd2 or S2. These

additional ions form a layer around the outside of each particle surface as they are in

excess, creating a net charge on the surface which then repels other particles with the

same net surface chargeJ26' An unusuai increase in stability was discovered 11

utilizing HPLC columns for size exclusion chromatography. it is thought that the

increased stability can be attributed to the filtering out of specific particles with more

reactive surfaces. Some particles are known to be left in the column due to a decrease

in concentration, and are believed to have more reactive surfaces which promote

aggregation. The removal of the reactive surface particles is used to explain the

enhanced stability of samples collected through size exciusion chromatography.



Chapter Three: Micromixer Fabrication

The micromixer designed and built for these studies was based on the

interdigital design originating at the Institut fur Mikrotechnik Mainz'61. The final

product was an assembly fabricated out of two individual PDMS portions, with two

inlets and one outlet.

Although our micromixer was three dimensional our design process began in

a two dimensional format, creating a photolithography mask. The mask design was

drawn in Adobe Illustrator 10.0. Each mask was 2x2" designed to easily fit on 2x3"

glass slides when utilized in photolithography. A sample design, seen in Figure 3.1,

consists of a black box and a single white bar. As seen in the figure, at the cenWr of

the bar is the interdigital region, visible at higher magnification.

Figure 3.1: Sample Mask Design. Interdigital Mixer, Magnified Mixer Region and
Outlet Cover Slip.

The final mixer has PDMS walls wherever the black lines appear in this two

dimensional design. The walls can be arranged in any variety of manners to widen or

shrink the chaimels, increase their overlapping length for increments or decrements of

the number of channels present. The final dimensions of the fabricated and utilized

micromixers are given in Table 3.1. Also seen in Figure 3.1 is a sample outlet mask
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for the necessary cover piece. The outlet mask consists of a simple single slit,

narrower than the overlapping interdigital region in the mixer counterpart. The

photo lithography masks were printed on transparency film, of size 8 V2 x ii",

therefore several masks were able to fit on each individual page. The masks were

printed at 5080 dpi or higher through Pageworks Printing in Cambridge,

Massachusetts.

Table 3.1: Dimensions of Fabricated Micromixers
1 Channel Channel Channel

Micromixer Width Depth Length
picrometers) (micrometers)_

Generation
_icrometeL

I 100 50 100
Generation

II 40 40 125

Printed transparency masks are then ready to he used in photolithography.

The photoresist used here was a negative photoresist, SU-08 2050 obtained from

MicroChem. The substrate used in photolithography was a 2x3" glass slide,

pretreated by washing with acetone, methanol and deionized water (AMD) and dried

under a stream of nitrogen. The substrate was covered with SU-08 through spin

coating. at 500 RPM for 10 seconds as a spreading cycle arid then 1,750 RPM for 30

seconds for a spinning cycle. Due to the unsynimetric shape of the 2x3" substrate it

was necessary to allow the rather viscous photoresist to spread to cover most of the

slide prior to spinning to allow for coverage of the entire slide. The photoresist was

soft baked onto the substrate on a hot plate, for one minute at approximately 65 °C

and then baked for 20 more minutes at 95C. The mask was aligned and the substrate

was exposed to UV light for five minutes at 75 Watts. The substrate was then post-
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baked, again, one minute at 65°C and seven at 95°C. Development of the

photoresist was done using SU-08 developer, also obtained through MicroChem.

Molds for the PDMS pieces were made from the SU-08 masters. Walls for

both the mixer and outlet slides were made using basic 1x3" glass slides taped to the

edges of the mold.

The mold bases were filled with PDMS, obtained through DOW Chemical.

Two types of PDMS were used in these studies, Sylgard 184 and Sylgard 186. Each

required a 10:1 polymer to curing agent mass

ratio. Typically 7-lOg of polymer was utilized

for each mold needing to be poured. The pieces

were cured at room temperature for 24-48 hours.

Once cured the glass slide walls could be

removed, the PDMS pieces pulled up and the

molds could be reused. A magnified picture of

a PDMS mixer piece can be seen in Figure 3.2.

Figure 3.2: PDMS Mixer
Magnified Image.

The outlet PDMS pieces were then aligned over the interdigital region and the

two pieces are bonded together. The use of Sylgard 186 proved to allow for bonding

without any necessary treatment. Stronger bonding of Syigard 186 and bonding of

Sylgard 184 were achieved using exposure to an oxygen plasma for oxidation. The

exposure time was one minute at 200 Watts as per a procedure developed in Dr.

Remcho's Lab.

Inlets and outlets was made in a number of ways. First, simple puncture

with a syringe was used. The next option was punching holes using a Pasteur pipette.
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Syringes could be sent through the punched inlet holes and fluid simply flows out

through the outlet hole. In attempts to smooth the outlet hole surface tubing was left

in the mold as it cured and removed. This led to a round hole, hut as seen in Figure

3.3.A the edges were still slightly rough. Another option is to cure the PDMS with

tubing in place and leaving it there and using it as an outlet. As seen in Figure 3.3.B

the outlet hole was aligned above the interdigital region. Micromixer #8 had the

added advantage of having the outlet tubing cured in the PDMS providing a smoother

outlet hole and an outlet tube of controlled length. Finally, for connection with

external pumps nanoport assemblies obtained through Upchurch Scientific were

bonded to the PDMS during curing and used as tithing coimections.

Figure 3.3: A) Rough Edges of Mircomixer #7 Outlet and
B) Assembled Micromixer #7.
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Chapter Four: Reaction and Synthesis Studies

4.1 CdS Reaction Specifics

For studies of nanoparticle production, CdS nanoparticles were formed as the

result of the reaction between two salt solutions, cadmium chloride and sodium

sulfide. The interdigital mixer design allowed for exactly two inlets, therefore this

reaction was ideal for the design of the micromixer system. Another benefit of this

reaction between the two salt solutions was the ability to run solutions at room

temperature. For the applications of this study only aqueous solutions were used.

Equimolar amounts of cadmium and sulfur were used. All studies used equal

volumes of each solution -and therefore molarities were the same. Two concentrations

of salt solutions were used in these studies. High concentration studies were O.0i

M concentration and low concentration studies used 0.0004 M solutions. Sodium

sulfide solutions were made using Na2S'9H2O (Alfa Aesar) and cadmium chloride

solutions were made using anhydrous CdC12 (Sigma Aldrich). When a surfactam was

used, an equal mass fmount of sodium polyphosphate (Sigma Aldnch) was added to

the cadmium chloride solutions. All solutions were made volumetrically using 1 8MC

millipore water.

4.2 Barch Reacto-

The batch reactor system for these studies consisted of a 400 mL beaker and a

50 inL burette. In batch reactor experiments 50 mLs of cadmium chloride solution

was loaded into the beaker, with a small stir bar. The solution was stirred at the

stirring plate level three and 50 rnLs of sodium sulfide solution was dispensed

dropwjse through the burette.
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4.3 Micromixer

Figure 4.1: Micromixer in Use.

A PDMS interdigital micromixer (fabrication methods found in Section 3 of this

document) was utilized to compare with our batch reactor. A 'batch' like system was

devised in which two 10 rnL syringes were used. One syringe was loaded with 2- 1 ()

mLs of sodium sulfide solution and the other with 2-10 mLs of cadmium chloride

solution. 'The two syringes were then inserted through the inlet holes in the

tnicromixer as seen in Figure 4.1. The syringes were dispensed at the same rate,

forcing the fluids through the micromixer, and then out the outlet (either dropping

directly into the collection vial or through an outlet capillary tube).

Each of the above systems was used with the different solution concentrations,

with and without surfactant The resulting nanoparticle solutions then underwent

analysis.
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Chapter Five: Analysis Techniques

Solutions of cadmium sulfide nanoparticles were collected and saved in 4 mL

sample vials. Three characterization techniques were used in studying the produced

nanoparticles, ultraviolet (UV-vis) spectroscopy, transmission electron microscopy

(TEM) and atomic force microscopy (AFM).

5.1 UV Spectroscopy

As discussed previously, semiconductor nanoparicles display size tunable

properties, including size tunable optical properties. Bulk cadmium sulfide

characteristically absorbs light at wavelengths around 496 nm, corresponding to the

absorption of 2.5 eV of energy. Nanoparticles readily absorb light at lower

wavelengths according to their size dependent band gap energy. As the energy of thc

transition increases, the wavelength decreases and this is a blue shift in the absorption

spectrum. In Section 1.2 of this document, the energy required for an electronic

transition in a nanoparticle can be described by Equation 4.

h2E=Eg+22 (4)

Using Equation 4, knowing the CdS band gap energy and reduced mass for an

exciton in CdS, the size of particles can be detennined from their observed energy

absorption. Figure 5.1 plots the relationship between the UV-Vis absorption and the

particle diameter for cadmium sulfide.

LJV--vis measurements of the solutions weie performed using an Ocean Optics

S2000 fiber optic spectrometer. A deuterium light scurce was utilized to provide

accurate measurements in the range of 200 rim wavelength range. The samples were
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observed in a quartz cuvette with a 10 mm pathlength. Sodium sulfide solution of

the appropriate concentration was used as the background. For each sample,

measurements were collected initially and theii in five minute increments for at least

20 minutes. In some cases. additional measurements of the solutions were obtained

to study the aging process.
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Figure 5.1: Absorption Energy 'is. Particle Radius for CdS.

5.2 TFM

Selected samples were characterized using a TEM. To prepare samples, drops of

nanoparticle solution were Loaded onto 300 mesh copper grids with carbon film, left

for 60 seconds and then filter paper was used to draw fluid through the mesh. The

process was then repeated once more.
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ITEM measurements were done using a Philips Microscope available in the

OSU Botany department with assistance from Shu -Hong Liu. Further analysis was

perfonned on the samples viewed with Energy Dispersive Spectroscopy (EDS) to

verify the particles were CdS particles.

The TEM images were used to compare the micrornixer and batch system

solutions at the same magnification.

5.3 AFM

Samples characterized by AFM were prepared by evaporating drops of

nanoparticle solution onto silicon wafer coupons. The coupons were prepared by an

AMD (acetone, methanol, deionized water) cleaning process. AFIVI measuremeflts

were perfonned using a Digitial Instrument Nanoscope with assistance from Dr.

Phillip Watson at OSL Chemistry Department. Since the particics were net

chemically bound to the surface, it was necessary to use the AFM in a tapping mode.

Similar to the TEM images, the AFM. images were used to compare the

micromixer and batch system solutions.
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Chapter Six: Micromixer Application

The design of the microfluidic devices is integral in their use for various

applications. First, one must consider the ability to maintain flow within a device.

This has been approached in two different ways. The first approach uses pressure

driven flow. Connections between devices and pumps to drive the flow are much like

those utilized in HPLC (high pressure liquid chromatography) systems. Such

connections are available commercially through companies like Upchurch Scientific,

who have created a line of ports and connectors for 'lab on a chip' devices. For lower

pressure applications the device material can be selected in such a manner that allows

for a good seal without additional connection apparatus. The second common

approach uses a wall driven electro-osmotic flow, in this case electrodes are used to

generate an electrical field along the channel walls which drives the movement of

polar fluids. The electro-osniotic flow is commonly used in separation according to

charghe to size ratio and is apable of producing a uniform flow profile211.

[he materials used for fabrication influence the production methods available.

Glass and silicon wafers can he utilized in layering processes. Using commonly

developed photolithography, etching and bonding techniques devices can be

fabricated out of these materials. Such devices provide the charged surfaces for

electro-osinotic flow. Metals are commonly used in the LIGA process developed by

the Germans. Embossing and laser cutting are also often utilized for metals.

Polymers can he microfabricated using a variety of techniques including molding.

With a large number of polymers available, they can be chosen to specifically fit an

application with varying machinable properties and different levels of optical



transparency, inertness, thermal and electrical stability, annealablity and modifiable

surface properties. [281 Among all polymers, polydimethylsiloxane (PDMS) is of

particular interest because it is easily available, low cost and toxicity, transparent and

chemically inert, mechanically durable and flexible, and has versatile suface

chemistry.271 PDMS also has excellent bonding properties with itself and glass

without adding adhesives. Further strength can be implemented by exposing surfaces

to an oxygen plasma where they can be oxidized prior to bonding.1231 Its elastomeric

property provides a good seal around connections of microfluidic systems.

The design of an actual microfluidic device depends upon its given

application. For controlled removal or deposition of a given substance extensk'e

mixing may not be desirabb. However. in common testing and production, it is

necessary to have mixing occurring in a shorter time scale than the characteristic time

of the reaction. Multilayer lamination provides an avenue for such rapid mixing. The

polymer molding techniques to fabricate the interdigital micromixer developed at

Institut für Mikrotechnik Mainz provides a rather simple fabrication process.

We successfully fabricated a PDMS micromixer, useful as a microreactor for

our CdS nanoparticle studies. The micromixer's materials are inexpensive and can be

operated with simple syringes or pumps. They also can be made with variable

channel widths and lengths.

The simplest and easiest micromixers to make are those with relatively large

mixing channels (100 micrometers). Such micromixers, with wider chaimels, when

cured at room temperature allow for the re-use of the SU-08 mold, which saves both

time and money in the production of additional mixers. With a well bonded seal
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(bending with Sylgard 186 was done at the termination of curing simple

disposable syringes were useful to load reagent solutions into the mixer. The best

outlet option achieved for these mixers was found by breaking the tip of a glass

Pasteur pipette and curing in place, providing additional controlled flow out f the

micromixer.

The process of making narrower channels was more tedious and technical.

First the SU-08 photolithography process is more sensitive and the quality of the

resulting mold is lower. Nevertheless, such molds are feasible to make, with 40

micrometer channels, approximately 37 micrometers deep as verified using our

DekTak 8 Surface profiler. Such molds, however, 'were destroyed in the curing

process as they had a greater propensity to lifi off of the glass substrate when the

PDM S was remrved. The resulting micromixers were completed and used in a

similar manner to the 1 00 micrometer channel mixers.

hi order Ion PDMS micromixers to be used in productions. continuous flow

mixers must be fabricated. Of notable significance is a continuous flow micromixer

being fabricated in our lab wth Upchurch Scientific NTanoport Connectors. This

micromixer is being developed for use in studies using Kloehn Versa6 pumps. Such

micrornixers must be finished using an oxidized srfuce to withstand pump pressures.

Currently we have molded such micromixers using Nanoport Connectors and are in

the process of developing appropriate coniections to our pumps and pressure

regulation.
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Chapter Seven: Particle Growth Results and Discussion

The need for production of nanoparticles with uniform composition, structure

and size has initiated studies and discussion on how these nanoparticles grow.

Most studies agree that once a critical size is reached particle growth occurs

via Ostwald ripening. Ostwald ripening is the growth of larger particles at the

expense of smaller ones. Smaller particles are less stable than the larger ones due tc

having a higher surface energy, they therefore decompose and donate their

constituents to the larger, more stable particles. Growth of very small particles (20

Angsercms in diameter and smaller), however, is much more ambiguous. It has been

noted that growth of such small particles is not continuous.4' In a s udy using

injection of reactants into a IIPLC column for rapid mixing. and chromatography, it

was found that very small particles of CdS often have several maxima in their

absorption spectrum. It was also noted that although there is some gradual shifting of

absorption maxima with aging of a colloid solution, more drastic changes were also

evident with the growth of completely new peaks to replace the old. The authors

concluded that Ostwald ripening can account for the gradual shifting but the fast

jumps must be explained differently. It is believed that the fast jumps occur as a

result of narticle combination. 2j

hui further studies by the same authors HPLC columns were found to have a

filtering affect which influenced particle growth. Colloid solutions passing through a

I-IPLC column aged at a significantly slower rate than those not passing through the

column. The HPLC column was also fouiid to decrease the sulfur concentration by

25 %. Further investigation allowed the authors to conclude that the HPLC column
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filtered out ultra small particles with exceptionally high surface reactivity believed

to be active accelerators of growth, perhaps by acting like adhesives for the

combination of larger particlesJ'11

Another study which led to the study of small nanoparticles growing by means

other than Ostwald ripening involved the combination of aqueous cadmium chlorate

and hydrogen sulfate in a pH controlled reaction. These particles were stabilized with

1 -thioglycerol. It was discovered here, also, that a gradual increase in absorption

maxima that would he evidence of Ostwald ripening was not seen until a certain

particle size was exceeded. Prior to the specific particle size where continuous

growth occurs discontinuous growth was observed, believed to be the result of

thermodynamically contioliec! growth. Such narticie growth would include the

formation of pactictes of a specific, thermodynamically prefeiTed size which then

jump in some combination method to the next thermodynamically preferred size.

For the most part the growth of larger particles is considered to he continuous,

and in most studies occurred via an Ostwald ripening mechanism. There are

differences observed, however, due to the variety of different synthetic methods

employed in pioducing nanoparticles.

Injection of reagents into hot coordinating solvent allows for a burst

homogeneous nucleation. An initial telnperature drop halts growth at that pc.int and

then continual control of temperature allows for control over the growth rate. Gentle

heating causes slow growth and annealing which is consistent with the idea of growth

via Ostwald ripening.°1
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In kinetic studies of a similar reaction, injection ofCd2 and S2 monomers

into a hot trioctyiphosphine oxide solution again results in an immediate nucleation

The gradual growth process is then considered to grow in a time.evolved kinetic

model. After the formation of crystalline seeds, a competition is developed between

the decomposition of seeds and the nucleation. Over time larger seeds surviving the

competition cross over an energy barrier and grow towards a critical size. Slowly the

smaller seeds are depleted and a majority of the particles are growing to a critical

size. After reaching that point slower growth continues and particles approach a

second energy barrier, which, if crossed results in the formation of bulk cadmium

sulfide.t141

When semiconductor nanoparticles are grown in microemuisions, there is a

larger size distribution if the ion exchange rate between droplets were high. in such

cases some particles are able to sustain extensive growth at the expense of others.

Such growth does not occur in the absence of ion exchange between droplets. This

process then is believed to be the result of Ostwald ripening, and in this case is

undesirable, hence the ion exchange rate is minimized to produce monodisperse

nanoparticle solutions, although it is not considered the only influencing factor.1151

Finally, in a solid state NMR study of capped CdS growth, again kinetically

controlled growth was observed. In this study the growth "appeared to mimic an

inorganic version of polymerization."'31 After initiation of the reaction, small units

of CdS are formed and rapid aggregation occurs until the growth was halted via

capping by a thiophenol species. The particles were thus trapped kinetically as their

growth was stopped by the capping rather than reach their equilibrium size.
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All of the previously listed studies show that various reaction conditions

including temperature, pH and capping agents control the growth process. Some

researchers have approached the production of CdS particles in a much simpler

reactant format and investigated the effects of mixing on the growth of CdS

nanoparticles. This idea was explored by a group of British scientists, using a

continuous microfluidic device. The reaction between aqueous solutions of cadmium

nitrate and sodium sulfide, with sodium polyphosphate stabilizing agent were used in

a microfluidic device where the solutions were split into smaller and smaller channels

to decrease mixing time. This method proved to be a satisfactory way of producing

CdS nanoparticles of unifbrm size.291 This study is similar to what we have done and

we have obtained similar rsuits in the correlating portions of our study.

When surf àctant was used, our high concentration studies were similar in

format and result to those of the British group, differing in the use of cadmium

chloride salt rather than cadmium nitrate and the concentration of our solutions.

Figure 7.1 demonstrates the difference in absorption spectra between a micromixer

soiution and a batch reactor solution at high concentration with surfactant. As can be

clearly seen in the plot, the peak for the micrornixer solution is narrower than that of

the hatch reactor solution. However, it should be noted that with such broad peaks it

is likely that our high concentration studies pushed the limitations of our UV-Vis

spectrometer. This means that although we know there is a high concentration of

particles present making the broad peak, we do now know the exact size distribution

of these solutions. We can conclude that the narrower peak for the micromixer

solution means there is a smaller size distribution In fact, by correlating the size to
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the UV spectrum in a correlation prepared by Vossmeyer et. al.12' we can conclude

from the width of the maxima of the micromixer peak being from approximately 275-

350 nm the size of the particles in this colloid are 6-9A Similarly, with a peak

maxima from 275-425 nm, the batch reactor solution contains particles in the range of

6-13 A, a broader distribution than that found in the micromixer solution. This

clearly demonstrates that our micromixer reactor system is capable of preparing

4.1
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Figure 7.1: High concentration w/surfactant absorbance spectra.

nanoparticle solutions, stabilized with sodium polyphosphate of smaller size

distribution than those prepared with the batch reactor system.

600



Our studies continued, then, looking at what happens in the solutions when

no surfactant is present. Figure 7.2 shows the absorption spectrum of batch and
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Figure 7.2: High concentration w/o surfactant absorhance spectra.

inicromixer reactor solutions prepared at high concentiation without surfactant.

These spectra look quite a bit different from those obtained when surfactant is used.

First, the micromixer peak appears to be broadened, looking more like the batch

reactor with surfactant peak. With the peak maxima being from approximately 275-

400 rim, the size range for the nanoparticles would be 6-11 A, a larger size

distnbution than when surfactant is used. The more drastic difference, however, is in

the change of the batch reactor peak. Here the batch reactor peak is significantly

lower than the niicrornixer reactor peak, and appears to be a simple, broad, low

absorbance peak. This can be understood with physical descriptions of the solutions.

The solutions prepared with surfactant appear yellowish in color and clear. Likewise,
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the micromixer solution without surfactant has a clear yellowish appearance, but

the batch reactor solution withont surfactant has orange visible aggregates present

immediately. These aggregates are rather large and settle out to the bottom. of the

cuvette, This affects the absorption spectrum in two ways. First, there are fewer

nanoparticles present in the 6-13 A size as they have become aggregates, with larger

particle sizes in the aggregates they do not absorb in the same low wavelength range.

Secondly, as the aggregates settle out into the bottom of the cuvette they are not in the

path of the light going through the sample for measurement, they are therefore not

observed in the absorption spectrum.

As aggregated particles readily settle out of the batch reactor solution almost

immediately we can conclude that the stability of this solution is lower than that of

solution prepared The micromixer solution demonstrates much

different stability behavior. Figure 7.4.A shows the change in a micromixer solution

without surfactant over 20 minutes. As seen the change is minimal, in fact it is
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Figure 7.4: A) High concentration without surfactant absorption spectrum over
time. B) High concentration with surfactant absorption spectrum over time.
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similar in appearance to the micromixer solution with surfactant shown in Figure

7.4B. Over the course of several hours, however, the solution without surfactant will

eventually have the CdS particles aggregate out, much like the batch reactor product

solution, only more yellow in color. High concentration solutions with surfactarit

remain stable for several days. Eventually both the batch and micrornixer prepared

solutions end up with a gel like orange colored glob on the bottom of the vial, varying

from the very solid appearance of their non-surfactant solution aggregates. This is

likely due tc some alteration in the aggregation process in the presence of the

surfactants on the surface of each CdS particle.

Similar trends were obsered in lower concentrations studies, First, the size

distribution appears to be smaller with the use of a micromixer and secondly, the

micromixer style of preparation enhances the stability of the resulting solution.

Solutions prepared with the low concentration reagent solutions demonstrate

lower UV-Vis absorhance levels. This is to be expected as UV-Vis absorption is

related to the concentration in accordance with the Beer-Lambert Law. Also notable

in these low concentration solutions is the narrower absorption peak maxima for all

mixing styles, this can be explained as these solutions are at a low enough

concentration that they do not exceed the limitations of the instrument and the

absorption spectra represent the particle size distribution.

The difference in mixing styles can fist be observed in Figure 7.5, a

comparison of the UV-Vis absorbance spectra of solutions prepared with the batch

reactor system and Micromixer #8. As seen in Figure 7.5, the main absorbance peak

of the batch reactor solution is at the same wavelength as the microm.ixer solution, at
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approximately 260 tim, and is of only slightly loer abscrbance. With an

absorbance peak at 260 nm, the size of the particles is approximately 5 A. The lower

absorbance for the batch reactor system can be attributed to some larger nanoparticles
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Figure 7.5: Low concentration wio surfactant absorbance spectrum for
batch reactor and micromixer reactor solutions.

and large aggregates of CdS which settle out of solution. Indeed, visually the batch

reactor solution has orange aggregates floating around immediately following

preparation. Also evidert from the absorbance spectra is the greater abundance of

larger nanoparticles in the batch reactor solution than in the micromixer solution.

This is evident as the batch reactor solution peak is broader and of greater absorbance

in the 300-500 nrn range, where larger CdS particles absorb UV-Vis light.

Both the batch and micromixer solutions were characterized by TEM. In

Figure 7.6.A, th TEM image of particles prepared from a batch reactor solution

clearly shows very large aggregates. However, at the same magnification, Figure

7.ô.B shows an image of particles prepared from a micromixer solution. The particles



shown here are larger than those calculated from the UV-Vis absorbance spectrum

of the solution. It is possible that in the process of evaporating the solvent

aggregation occurred. However, it can be clearly seen that there is a number of

smaller particles present in the micromixer solution likely due to a dispersion of many

small nanoparticles, whereas there are only a few, very large aggregates in the batch

reactor solution.

The conclusions drawn from the TEM images are further verified with AFM

images. A series of AFM images for particles prepared from a batch reactor solution

are shown in Figure 7.7. As can be seen in the images shown in Figure 7.7, particles

are present in large sizes and few numbers.

Figure 7.6: TEM Images of (A) Batch Reactor CdS Particle and (B) Micromixer
CdS Particles



Figure 7.7: AFM Images of batch reactor nanoparticle solution. Magnification
increases from (A) to (D). White boxes represent targeted area for magnification.
Particle show in (D) appears to be approximately 60 nm in diameter.

I
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In comparison, Figure 7.8 shows AFM images of particles prepared from a

micromixer solution.

Figure 7.8: AFM Images of low concentration micromixer solution. Magnification
increases from (A) to (D) with white boxes being area magnified. Particle circled in
(C) is approximately 10 nm in diameter and 10 nm high.

Similar to what was seen in the TEM images, the AFM images show multiple small

particles, 10 nm or less. Although particles on the 10 nm scale are still much larger

than those predicted by the UV absorption of the solution, one must consider the
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sample preparation process. Again, the evaporation of solvent allows for the

grouping of smaller particles, but we can still conclude by comparing Figures 7.7 and

7.8 that the micromixer solution contains smaller, more evenly dispersed particles

than the batch reactor solution.

Within an hour of solution preparation, differences in aging rates can be seen

in the UV-Vis absorption spectra. Figure 7.9 shows the UV absorption spectra for the

same solutions shown in Figure 7.5, only after an hour of aging. As seen, there is
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Figure 7.9: Low Concentration w/o Surfactant Absorbance Spectrum for
Batch Reactor and Micromixer Solutions After Aging for One Hour.

little change in the micromixer solution. The batch reactor solution, however,

demonstrates a decreasing absorbance and increasing peak broadening. This means a

faster initial aging process for solution prepared from the batch reactor. By the time

90 minutes has passed the batch reactor solution has a collection of orange particles

on the bottom of the cuvette (many of which are present from the beginning) and the

absorbance decreased to less than half of the original value. Micromixer solutions,
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however, still have more than half their absorbance after 90 minutes although some

particles have begun to aggregate and settle out. After four hours, without any

additional alterations, both solutions lose their absorbance and the CdS particles

settled out in an aggregated form at the bottom of the cuvette.

Our results of both the high and low concentration studies demonstrate that

the micromixer system provides a solution with a narrower size distribution than the

batch reactor system. This is to be expected, as was found previously in studies by

the other group.29' Our micromixer system, particularly at low concentrations,

demonstrated the narrowest UV absorption maxima. From this we can conclude that

our micromixer system provides superior mixing to the batch reactor system. By

altering our mixing mechanism, we have increased our ability to meet Sugirnoto's

first criterion for a monodisperse particle distribution, burst nucleation.

The other Sugimoto criterion we were looking at in this study was the

inhibition of coagulation. In order for particle aggregation to occur particles must

collide. This explains the effectiveness of the addition of a surfactant to a solution for

stabili y. Our high concentration studies demonstrated significant difference between

solutions prepared without surfactant and those prepared with surfactant over the

period of several days. This can be explained by understanding what modifications

take place with the addition of surfactant. The surfactant used in our studies was

sodium polyphosphate. This compound dissolves and dissociates in aqueous solution,

and the polyphosphate chain can attach itself to the surface of CdS particles. The

attachment of the polyphosphate chain inhibits collision of particles in two ways.

First, it provides steric hindrance so that the particle surfaces are rarely able to



actually touch one another, even when the fluid motion forces the particles to do

so. Secondly, the polyphosphate chain holds a net negative charge. This causes an

electrostatic repulsion, which then inhibits the possibility of two particles colliding

due to diffusion.

Without the use of surfactant, we were able to see the effects of different

fluxing styles on the coagulation processes. It should be noted that our results differ

from other studies, particularly in the low concentration case, in that our particles

don't seem to 'grow' much. They initially are formed with small (5 A) sizes.

Afterwards there is no shifting of the absorbance peak, it merely disappears as the

particles coagulate and settle out. Our studies show that the use of the micromixer

system demonstrates enhanced solution stability in that the initial absorbance peak

remained longer. We believe this can be attributed to the lack of fluid motion, which

increases the rate of particle aggregation.

Particle aggregation requires the collision of individual particles, which can

occur in three ways. First, there are collisions that occur due to random Browniaii

motion of the particles in solution. Secondly, there are collisions that occur as a

result of fluid motion forcing the particles to collide. Finally, there is the possibility

that as large aggregates settle out of solution due to gravity they hit other particles on

their way down.

We begin our understanding of particle aggregation by first looking at the rate

of particle collisions. We assume particle collisions occur as a second order process,

dependent upon the concentrations of the two particles colliding. If we then assume

that all of the collisions that occur are effective irt causing aggregation, our rate of



collision is equal to our rate of aggregation. We can then express our i ate of

aggregation as

J, =kn,n1 (5)
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where is the rate constant and n, and n are the concentrations of the colliding and

aggregating species, The rate constant then is influenced and determined by the

different modes of particle collisions.

Perikinetic aggregation occurs as a result of collisions due to Brownian

motion. Such collisions are dependent upon the ability of the particles to move

within the solution medium, generally quantified by the diffusion coefficient of the

substance. These quantities are influenced by the fluid medium, the temperature and

the size of the particles themselves. The rale constant for perikinetic aggregation can

be represented by

2kT (a, ± a1)2
(6)

a a1

where k is Boltzman's constant, T is the absolute temperature, is the tluid dynamic

viscosity ai.d a and aj are the individual particle radii. As can be seen in Equation 6,

when the particle radii are equal to one another, the collision rate constant and can he

expressed as

(7)
31u

We can also see that whenever particles are of different sizes the rate constani. will

always he greater than that if they were the same size.



Orthokinetic aggregation is the result of particles colliding due to transport

with the fluid motion. These collisions demonstrate a dependence on the particle size

again and the fluid motion characteristics. The rate constant for these collisions can

be represented by

k =G(a +a)3 (8)

where G is the fluid shear rate. Seen clearly here, as the particle sizes increase, the

rate of orthokinetic aggregation also increases.

Finally, not to be neglected, although considered minimal are collisions

resulting from differential settling. Differential settling occurs when larger

aggregates settle out of the solution. As they travel downward due to gravity they

collide with smaller, suspended particles on their way down. The collision rate thr

differential settling can be represented by

= p)(a1 + a1
)3 (a u) (9)

which includes gravity, g, the fluid dynamic viscosity, ji, and the density of both the

particle and solution. p and Ps.

When solution stability is desired, aggregation of the particles is to be

avoided. To do so all three of the aggregation processes must be minimized. hi the

case of both the micromixer and the batch reactor differential settling is present and

we considered the effect to be minor.

Within the micromixer system all fluid flow is lamina:r and well ordered.

There is little chance of particles being forced to collide as a result of the fluid

pushing them together as there are no shear forces between fluid elements. Therefore
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the movement of individual particles, like the movement of the ions in nucleation,

is dependent upon diffusion and random Brownian motion. With this in mind we can

eliminate the presence of orthokinetic aggregation. This then means that the primary

mechanism for aggregation in the micromixer colloids is perikinetic aggregation.

Additionally, as the initial size distribution for micromixer solutions is narrower than

that of the batch reactor system, it is more likely that the particles involved in

collisions are of the same size, which minimizes the perikinetic aggregation rate.

From the appearance of our results we would likely conclude that the batch

reactor system has major contributions from both orthokinetic and perikinetic

aggregation effects. Curiously, however, approximate calculations tell us otherwise.

From our UV-Vis data we estimate the size of the nanoparticles fonneci in our low

concentration batch system to be 5 A. It is reasonable to conclude that the same size

approximation form of the perikinetic aggregation is effective as long as the particle

sizes differ by a factor of two or less, which is true in this case. This leads to an

approximate value for the perikinetic rate constant to be 1 .23E-17 m3s1 for an

aqueous solution at room temperature. If we then estimate the orthokinetic rate

constant with a high aqueous fluid shear rate of 100 s1, we find a value of 1.33E-25

m3s This value is significantly lower than the perikinetic rate constant value. Our

approximations tell us that in the case of our batch reactor system our aggregation

should be dominated by perikinetic aggregation just like the micrornixer system. The

results we obtain. however. clearly demonstrate faster aggregation in the batch reactor

system.



We can provide two possible reasons for this discrepancy. First, it is

possible that as some of the drops of Na2S solution are added they remain in a. small

volume of high concentration. Within this volume there is rapid formation of large

CdS nanoparticles. These particles within the small volume quickly aggregate. The

presence of such aggregates cause to increase the rate of orthokinetic aggregation. In

other words, inefficient mixing within the batch reactor system could lead to

aggregates formed early on which then influence the aggregation of other

nanoparticles.

The second option is that the extremely small CdS nanoparticles demonstrate

increased surface reactivity, which, when in combination with mechanical fluid

motion serves to enhance the rate of aggregation of the particles. This would he

similar to the ideas presented by Fischer and Giersig41 where they found HPLC

columns to filter out ultrasmall super reactive CdS particles. With high surface

reactivity and fluid motion it is possible that the aggregation process is rapid due to a

cascading process in these cases. Cascading aggregation means first one particle

combmes with another to form a two-particle aggregate. Next this two-particle

aggregate joins with another two-particle aggregate to form a four-particle aggregate

which jc ins with another to form an eight-particle aggregate. Within a cascading

aggregation regime, then we have much more rapid growth of the aggregated

particles than we would if each particle was added individually. We believe that the

combination of decreased mixing efficiency and increased surface reactivity in the

batcii reactor system leads to this cascading style of aggregation causing the rapid

formation of large aggregated CdS particles which settle out of solution quickly.



We have shown mechanical fluid motion enhances the rate of particle

aggregation in the batch reactor solution. This presents additional production

problems when this system is employed. Our microinixer, then. has proven to have

two key advantages over a batch reactor synthesis system for CdS nanoparticles.

First, in both the high and low concentration cases, with and without surfactant. the

micromixer solutions demonstrated a smaller size distribution. WC believe this can

be attributed to these particles being closer to having an ideal burst nucleation.

Secondly, our micromixer eliminates the need for shear forces in the mixing process

which then eliminates additional aggregation enhancement.
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Chapter Eight: Conclusions

in the course of this study, we have demonstrated the ability to utilize modern

photolithograhphy and molding techniques to fabricate an interdigital micrornixer out

of a common polymer, PDMS. By manipulating the channel size, it is possible to

produce such micromixers at a negligible cost. Taking into consideration the low cost

of materials and the simplicity of the reaction studied here the resulting process is

ideal for use in the undergraduate education. Indeed, we have already begun such

applications in an upper division class project and have hopes fbr continued use of

our arrangement. Additional information concerning justification and past

educational applications can be found in the Appendix.

Secondly, in apication of our developed micromixer we have found that our

system has proven to be superior to another mechanically stilTed system for two

reasons: a narrower size distribution and enhanced solution stability. The narrower

size distribution is due to the presence of initial mixing closer to burst nucleation than

is found in the other system. Enhanced solution stability is related to the size

distribution as the narrower size distribution slows aggregation rates, but also due to

the fact that aggregation rates are decreased without the presence of mechanical

stirring.

With this in mind we can conclude that our micromixer system proves to

provide an enhanced production route for semiconductor nanoparticle solutions at

rnnirnal cost. Further development and application of both the micromixer system

and reaction specifics could lead to even better results.
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Appendix

The processes presented in the experiments performed for this thesis were used as an

undergraduate project for two senior students in winter 2004. The students

participated in photolithography, molding and then synthesis of CdS nanoparticles

using both the batch reactor and micromixer systems. The project, working in

conjunction with a graduate student, proved to expose students to a variety of

techniques while being of low cost. The molding technique involved is of low cost.

Additionally, it can he easily set up using ordinary glass slides, using PDMS of low

toxicity, can be cured at room temperature and uses molds that are re-usable. The

analysis technique involves simple UV-vis spectroscopy which is typically available

in most undergraduate chemistry and chemical engineering jabs and additionally in

most high schools. Although the reaction involved utilizes to,dc chemicals, they arc

used in low quantities and are readily available and water or common alcohols caii he

used as solvents. Considering all this, we believe this process shows potential for

being applied in larger undergraduate classrooms and / or high school classrooms as a

lab experiment. Such laboratory experiments would give students exposure to

modern molding techniques as well as the opportunity to study the physical chemistry

applications of semiconductor ranoparticles.




