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Incorporating nanoparticles and polymers into one composite material have opened
new pathways for generating novel material structures and advancing the properties of
conventional materials. The developments in the field of nanocomposites have been
accelerated by the progress in fabrication of nanoparticles with designed shape and precise
size control, surface modification techniques covering a variety of nano-scale materials
including clay sheets, carbonaceous materials, metal oxide particles, etc., as well as new
syntheses of polymers with targeted architecture and functionality. The control of
interfacial interactions is the key to property enhancement of almost all nanocomposite
materials. Grafting polymer chains directly onto the surface of nanoparticles is a relatively
new approach for obtaining novel nanocomposite structures and it offers better control of
grafting density and maximizes the interfacial interactions between nanoparticles and
polymeric matrices.
The first project in this thesis describes the preparation of nanocomposites via
surface initiated polymerization of block copolymer chains directly from the surface of
montmorillonite clay. A ‘graft-from’ synthesis protocol was developed for the preparation
of the nanocomposites. Comprehensive material characterization was performed to
understand the structure and properties of the nanocomposites. Crystallization behavior of
viii

the bulk material and optical properties of nanocomposite films were examined. The
relationship between material synthesis, structure and properties is also discussed in these
chapters.
The second project involves grafting polyelectrolytes onto magnetic nanoparticles
for the application of electromagnetic imaging in high temperature, high salinity gas and
oil reservoir environments. The fabrication of magnetic nanoparticles is described with a
focus on both size control and achieving colloidal stability. The synthesized nanoparticles
were used as core materials for their outstanding magnetic properties. Subsequent surface
functionalization and a ‘grafting-to’ method was developed to coat the nanoparticles with
a surface layer of polyelectrolytes, which provides nanoparticles with excellent transport
mobility for high temperature, high salinity aqueous flow conditions through porous rock
and sediment.
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Chapter 1. Overview of Polymer Grafted Nanoparticles
1.1 INTRODUCTION TO NANOCOMPOSITE MATERIALS
Both the rapid progress in material synthesis and emergence of nanotechnology
have enabled scientists to merge the unique features of both inorganic nanoparticles and
polymeric materials into one composite material.1–5 Some examples of the desirable
properties, which can often be synergistically combined, include the mechanical properties
and heat and flame resistance of clays, barrier properties of inorganic materials and
flexibility of polymers, and the optical transparency and easy processability of polymeric
materials.6–9 The first industrially relevant nanocomposite product was a nylon 6-clay
hybrid material produced by Toyota researchers in 1993 which showed impressive
mechanical reinforcement and increased heat distortion temperature compared to bulk
nylon 6 by adding 1-5 wt% of clay nanoplatelets.10,11 This led to the first use of lightweight
polymer based composites as engine covers in passenger automobiles. Though
improvement in mechanical properties is often a first target, other property enhancements
through the addition of nanoparticles have been explored including conductivity, magnetic
responsiveness, flame retardancy, barrier properties and so on.6,7,12–18 The developments in
the field of nanocomposites have also been accelerated by the progress of surface
modification techniques covering a variety of nano-scale materials including clays, carbon
nanotubes, metal oxide particles, and graphene sheets.19–23 Other advancements in the
synthesis of polymers with targeted functional groups, polymer processing techniques and
grafting procedures for attaching polymers onto nanoparticles further added to the
development of the nanocomposite field.4,8,9,24,25

1

Figure 1.1: Calculated interfacial area per volume (A/V) of particles (in nm-1), assuming
a right-circular cylindrical particle shape, for different particle diameters and
aspect ratios. Exfoliated clay (laponite or montmorillonite) particles,
spherical nanoparticles, and single-walled carbon nanotubes (SWCNTs)
generate up to four orders of magnitude more interfacial area compared to
conventional filler materials like glass fibers of equal volume-filling fraction
(MWCNT: multi walled carbon nanotube). Reproduced with permission
from ref.12 Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
The property enhancements observed in nanocomposite materials by incorporating
nanofillers into polymeric matrices have exceeded those that have been observed in
previous generations of composite materials, where the featured dimension of the fillers
was on the micron scale (Figure 1.1).5,12,26,27 The primary reason for this improvement was
attributed to the interaction between the filler and polymer matrix on a molecular scale (1100 nm). With proper dispersion of the nanofillers in the host polymer matrix (i.e. no or
limited agglomerations), the size of the nanofiller is comparable in magnitude with the
2

characteristic feature sizes of the host polymer matrix such as the radius of gyration (Rg)
of polymer chains. Other, more sophisticated polymers such as block copolymers (BCP)
can introduce domain-segregated features (~1-100 nm) to be considered in
nanocomposites. BCPs can form different morphologies on the nanoscale, depending on
the degree of incompatibility between blocks (𝛘), degree of polymerization (N), and block
volume composition (fA) (Figure 1.2).28 In the case that the host matrix is a BCP, the
nanofiller dispersion can potentially be further stabilized (or compatibilized) by
preferentially wetting the filler surface with one block and/or completely disturb the phase
segregation and shift the BCP phase diagram from that of neat BCP.12,29 This size
compatibility between BCP domains and nanofillers provides new opportunities for
controlling filler dispersion and orientation,30,31 as well as introducing new methods for
impacting the microstructure of the BCP.12,32–34 This can result in substantial changes in
bulk material properties, which cannot be achieved by conventional micro-filler
composites due to the disparity in feature size.

3

Figure 1.2: (a) Phase diagram for linear AB diblock copolymer predicted by selfconsistent mean field theory, including four equilibrium morphologies:
spherical (S), cylindrical (C), gyroid (G) and lamellar (L), depending on the
composition fA and domain segregation strength parameter 𝛘N. (b)
Experimental data proved the theoretical prediction. (c) A variety of domain
segregated geometries are observed as a function of relative lengths
(proportional to fA) of the two blocks. Reproduced from Block CopolymersDesigner Soft Materials, with the permission of the American Institute of
Physics.28 (DOI: http: //dx.doi.org/10.1063/1.882522)
1.2 FUNDAMENTAL CONSIDERATIONS FOR DISPERSING NANOPARTICLES IN POLYMERIC
MATRICES
Dispersing nanofillers evenly within the polymer matrix is expected to maximize
polymer-filler contacts leading to the largest possible property enhancements or synergies.
Achieving a good dispersion, however, is not trivial due to the intrinsic disparity of surface
energy that is often encountered between the two components. In a nanocomposite system,
the degree of dispersion of a nanofiller is directly linked to the interplay of enthalpy and
entropy. The enthalpy of the nanocomposite system is determined by the affinity of the
polymer chains to the surface of nanofillers, while the entropy is indicated by the number
of configurations that the polymer chains and nanofillers can adopt in the nanocomposite
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system. When an inorganic material and polymer are mixed, often where there is little to
no chemical affinity between the two, they will simply form a macroscopically phase
separated mixture. When the surface of the filler has been chemically modified to be more
compatible with the polymer matrix, some polymer chains will migrate to the particle
surface during the nanocomposite preparation process and reside in the interstitial regions
between particles, forming an intercalated structure. These regions between particles can
be small enough to have a nanoconfinement effect on the polymer chains within them.35
The associated entropic penalty of locating chains between particles, however, can be
offset or overcome by the change in system enthalpy if there is sufficient attraction between
the polymer segments and the surface modifier on the nanofiller. In this most desired
situation more polymer chains migrate into the regions between the particles during the
preparation process forcing the distance between the filler particles to increase by polymer
steric repulsion, eventually reaching an exfoliated state where the structural order of the
nanofiller is completely lost and a good dispersion is achieved. The system entropy is
maximized at this stage, where the fillers are homogeneously dispersed throughout the
polymer matrix. A mean-field, lattice-based model of polymer melt intercalation of an
organically-modified layered silicate (OLS; also called organically-modified clay) has
been proposed by Vaia and Giannelis, which indicated that complete exfoliation of clay
fillers can be obtained if polymer occupies every potential interaction site on the surface of
the OLS. Furthermore, more polar or hydrophilic polymers, which have a higher affinity
for the OLS surfaces, achieve an even higher degree of exfoliation in bulk
nanocomposites.36,37
Besides chemical composition (which determines the mixing enthalpy), the size
and shape compatibility of the nanofiller and the host polymer matrix should also be
considered when preparing nanocomposites. Shape contributes to both the interaction
5

between individual nanofillers as well as between the fillers and the molecular features of
the host polymer matrix on the nanoscale. Progressing from spherical nanoparticles (zerodimensional) to cylindrical nanorods (one-dimensional) to nanoscale thick sheets (twodimensional) increases the energy of interaction per pair of nanoparticles and, therefore,
increases the complexity of the filler dispersion in polymer matrix.4 When nanofillers are
dispersed in a BCP matrix with a specific microstructure, shape compatibility of the filler
with the BCP microstructure should be considered in order to maximize the contact area
between the particle surface and the favorable contacting domain in the BCP matrix
(Figure 1.3).12
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Figure 1.3: Schematic BCP phase diagram showing the various “classical” noncrystalline diblock copolymer microdomain morphologies. The dark domain
is the minority domain that is embedded in the majority domain (light). The
“symmetry compatibility map” lists the commensurate combinations of
particle point-group and BCP space-group representations, respectively. The
compatibility of a particle’s point symmetry group within the minority
component of a respective BCP space group is indicated by (+),
incompatibility by (-). L=lamellar, DG=double gyroid, C=cylindrical, and
S=spherical BCP morphologies. Reproduced with permission from ref.12
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
1.3 PREPARATION METHODS FOR NANOCOMPOSITES
Different processing techniques of producing nanocomposites have been developed
with the goal of dispersing inorganic nanoparticles homogeneously in a polymer matrix.
The most common approaches include melt blending, solution intercalation, and surface
grafting of polymers. As the most widely adopted method by industry to date, melt
blending is a process involving heating the polymer to a liquid melt above its glass
transition temperature (Tg) and crystallite melting temperature (Tm), mixing with
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nanofillers and surfactant additives if necessary, and processing by extrusion or injection
molding. It is a relatively economical process with the obvious advantages of being readily
compatible with industrial mass production facilities and many formulations with
commercial polymer feedstock are easily possible. However, the degree of disaggregation
of particles or delamination of nano-platelets after processing by melt blending is affected
by the viscosity of the polymer melt and duration of the process. Even so, the key factor
is still the chemical affinity between the polymer chains and nanoparticle surfaces. For
most cases, the composite system is composed of polar fillers and a non-polar polymer
matrix, and it remains difficult to achieve ideal dispersions via melt blending.
Solvent intercalation is another method to overcome mixing challenges between
nanoparticles and polymers. This method uses a solvent to simultaneously dissolve the
polymer and disperse the nanoparticles. Here, the solution acts as an intermediate platform
for a homogeneous mixture of the two components, which were originally immiscible. A
nanocomposite film can be obtained once the solvent is evaporated. Spin coating and
solution casting methods can be used depending on the target thickness of the film product.
The main challenge with this technique is to control solvent evaporation kinetics in order
to produce a high quality casted film.
Given the chemical incompatibility between the often times polar nanoparticle
surfaces and non-polar polymer matrix, agglomeration of nanoparticles and phase
separation between the filler and matrix remain challenging issues for a variety of
nanocomposite systems. Attempts have been made to form nanocomposites by grafting
polymers directly on the surface of nanofillers. The two major routes are the ‘graft-to’
method and the ‘graft-from’ method. Both of these methods require certain surface
modification procedures for the nanoparticle surfaces so to form reactive functional groups
on the nanoparticle surfaces as anchors for polymer chains in the subsequent grafting step.
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The graft-to method forms polymer grafted nanoparticle structures by reacting previously
synthesized polymer chains with functional groups on the surface modified nanofillers.
Given the long chain coiled structure of most polymers, it is straightforward that steric
hindrance may, to some extent, limit the grafting density of the polymer chains. The other
method, graft-from, involves grafting surface initiators on the nanoparticles, mixing the
nanoparticles with a monomer of choice, and performing a subsequent in situ
polymerization step initiated directly from the nanoparticle surfaces. This approach enables
formation of a dense polymer brush structure on the nanoparticle surface by minimizing
the steric repulsion during the grafting process.
Formation of nanocomposites through direct grafting of polymer chains onto
nanoparticle surfaces is a relatively new approach for obtaining novel nanocomposite
structures. Better control of grafting density and a higher degree of homogeneous
nanoparticle distribution can both be achieved, leading to improved bulk properties (i.e.
optical, mechanical). Furthermore, alternative interesting morphologies can be generated
via grafting polymer chains onto the nanoparticle, the study of which probe the
understanding of interfacial interactions and help establish synthesis-structure-property
relationships.
1.4 SYNTHETIC APPROACHES FOR SURFACE INITIATED POLYMERIZATION
1.4.1 Anionic and cationic polymerization
Anionic and cationic polymerizations enable precise targeting of molecular weight
and low polydispersity, but remain highly intolerant of impurities such as oxygen or water
due to the reactivity of anions or cations. Previous studies focusing on synthesis of
polystyrene from the nanoparticle surface have revealed the challenges in adapting these
techniques in surface initiated polymerizations. Polystyrene has been grafted from TiO2
9

particle surfaces by using 2,2′-azobis(2-amidinopropane) dihydrochloride (AIBA) as an
initiator for in situ polymerization.8 Attempts have also been made to synthesize
polystyrene via anionic polymerization from clay surfaces after attaching a 1,1diphenylethylene (DPE) derivative (functionalized by a triethylammonium bromide group)
as a surface initiator on the clay surface.38 High temperature (120 °C) and high vacuum
were required to remove trace impurities, such as H2O, for successful growth of
monodisperse polymer chains. Due to the affinity to oxygen and moisture, the often times
hydrophilic inorganic nanoparticle surface is inherently undesirable for in situ anionic or
cationic polymerization processes.
1.4.2 Controlled free radical polymerization
1.4.2.1 Atom transfer radical polymerization (ATRP)
The Matyjaszewski group is credited with developing a versatile and robust ATRP
synthesis protocol with a number of mechanistic studies and supporting kinetic modeling
work.39–43 As is illustrated in Figure 1.4, the ATRP equilibrium (characterized by KATRP =
kact/kdeact) involves homolytic cleavage of an alkyl halide bond R–X using a reversible redox
reaction of a transition metal complex activator Mtn/L (metal/ligand complex), which
subsequently generates an alkyl radical R• and the corresponding higher oxidation state
metal halide deactivator Mtn+1/L (Figure 1a). The free radical R• can then propagate with
a vinyl monomer (M), be deactivated in this equilibrium by Mtn+1/L, or be terminated by
either coupling or disproportionation with another R•, at which point two equivalents of
deactivator accumulate as persistent radicals (persistent radical effect). With appropriate
selection of the complexing ligand of the ATRP catalyst (and consequently, the reducing
power of the complex), the ATRP equilibrium (Figure 1.4) can be easily and appropriately
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adjusted for more or less reactive monomers. The rate of polymerization is proportional to
the activator/deactivator ratio ((Mtn/L):(Mtn+1/L)) in the system.
Due to the persistent radical effect, one can easily rationalize that high amounts of
transition metal catalyst are required in order to maintain the rate of polymerization and
reach high conversion as the activator/deactivator ratio decreases with time (i.e. as Mtn+1/L
accumulates in the reaction). For situations where a high amount of metal catalyst in
polymer products should be avoided, two variations of normal ATRP have been
introduced: initiators for continuous activator regeneration (ICAR) ATRP and activators
regenerated by electron transfer (ARGET) ATRP. ICAR ATRP uses a small amount of
free radical initiators to constantly regenerate Mtn/L activators, which are otherwise
consumed by radical termination. This polymerization scheme can lead to additional
homopolymer chains generated by the free radical initiators, which could alter the
properties if one is synthesizing a BCP.
In an ARGET ATRP reaction, a mild reducing agent is often added to aid the
regeneration of Mtn/L activators, which do not generate new polymers. Tin(II) 2ethylhexanoate (Sn(EH)2)44 or ascorbic acid45 are most frequently used as reducing agents.
When the mild reducing agent is added in excess, constant regeneration of the Mtn/L
activators throughout the polymerization process becomes possible, and therefore the
amount of metal catalyst needed for a reasonable polymerization rate and low
polydispersity is dramatically reduced. Previous work by Jakubowski et al. demonstrated
good control over polystyrene synthesis with ARGET ATRP using only 10ppm Cu catalyst
(more than 100 times less catalyst than a typical normal ATRP process).42 Thus, ARGET
ATRP is a powerful technique for achieving good control over polymer topologies and
targeting a variety of monomer compositions/ functionalities for synthesizing
homopolymers, BCPs, or surface initiated polymers.39,42,46
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Figure 1.4: Reaction mechanisms for ATRP, ICAR ATRP and ARGET ATRP
processes.39
1.4.2.2 Radical addition-fragmentation chain transfer (RAFT) polymerization
RAFT is a living radical polymerization, which offers good control over molecular
weight and the polydispersity index.47,48 Certain dithio compounds are used as highly
efficient reversible addition-fragmentation chain transfer agents to provide this
polymerization technique with living characteristics. The unavoidable (small amount)
byproduct of homopolymer chains remains an issue for synthesis of BCPs and the sequence
of the blocks formed during synthesis is sometimes predetermined due to the nature of the
RAFT chain transfer agent.
1.5 PROJECT OVERVIEW
This chapter (and much of the work within this thesis) has focused on the goal of
maximizing the interaction between a polymer matrix and nanofillers. To that end, my
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research has been focused on synthesis, structural characterization, and structure-property
relationships of polymer-inorganic nanocomposite systems prepared by grafting polymers
directly from or to the surface of the nanoparticles. Chapters 2 and 3 focus on preparation
of nanocomposites via surface initiated polymerization of BCP chains directly from the
surface of montmorillonite clay. By using the graft-from method, a high degree of clay
exfoliation was achieved. The resulting microstructure of the BCP matrix as well as the
optical properties of the nanocomposite film were examined. Chapters 4-7 focus on
grafting polyelectrolytes onto magnetic nanoparticles so that the composite material can
survive high salinity solutions at high temperature for oil reservoir mapping applications.
In this system, we fabricated the nanocomposite by the graft-to method and the colloidal
stability of the clusters (formed by nanoparticles) and their transport properties are
examined and discussed.
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Chapter 2. Hierarchically Ordered Montmorillonite Semi-crystalline
Block Copolymer Nanocomposites Prepared by Surface Initiated
Polymerization
2.1 INTRODUCTION
2.1.1 Montmorillonite (MMT) clay as a filler in polymer nanocomposites
As one of the most commonly used nanofillers, MMT nanoclays have been
extensively used in polymer matrices in order to enhance various material properties such
as mechanical strength,1 thermal stability,2,3 barrier properties,4,5 and flame retardancy.6
Since these significant property enhancements directly result from strong interactions
between MMT and polymer chains,7 a good dispersion of the MMT into the host polymer
matrix is critical for optimization of the aforementioned material properties. Among the
various properties that can be improved by incorporating MMT clay platelets into polymer,
gas barrier properties are of particular interest because gas barrier films can be used in a
variety of industrial applications including food,8–10 medicine,11–13 electronics,3,4 and
others.14 For example, Nielsen and co-workers have demonstrated that MMT fillers create
tortuosity in the gas diffusion pathway, resulting in enhanced gas barrier properties
compared to neat polymer without MMT.15 However, the enhancement achieved from the
incorporation of MMT is often limited by aggregation of the nanoclays due to their
incompatibility with the polymer matrix.
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Figure 2.1: Structure of sodium MMT clay. Reproduced with permission from ref.16
Copyright © 2008 Elsevier Ltd.
Previous studies on the structure of clays have revealed that a single MMT clay
sheet is 1 nm thick with lateral dimension varied from 30 nm up to several microns. Each
sheet is composed of layers of tetrahedral and octahedral crystalline structures at a ratio of
2:1 (Figure 2.1).16 The central layer of the octahedral crystal lattice is composed of alumina
or magnesia, which is sandwiched between two layers of silica tetrahedra. In their natural
state, these clay sheets are stacked together due to van der Waals attraction, with a regular
gap in between them which is referred to as the ‘interlayer’ or ‘gallery’ (Figure 2.2a). The
substitution of Al3+ by Mg2+, or in some cases Fe2+ and Li+, in the central layer creates a
cation deficiency which renders the surface of each clay sheet negatively charged.
Therefore, earth-abundant alkali cations such as Na+ are distributed in the galleries as
counterions. These Na+ ions can be ion exchanged with certain amphiphilic organic
cations, which typically have an alkyl tail with an ammonium cation head.17 Such surface
modifications will transform the clay surface to be more hydrophobic, which promotes
compatibilization with other organic materials. Surface modification treatments can also
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expand the galleries a bit (e.g., several Angstroms to nanometers) and provide initiation
sites on the clay surface for subsequent polymer grafting reactions (Figure 2.2b). Once the
long chain polymers are grafted on the clay surface, in between the galleries, the initial
stacked structure will be totally disrupted, and thereby exfoliation of clay sheets can be
achieved (Figure 2.2c).16

Figure 2.2: Illustration of different states of dispersion of organoclays in polymers with
corresponding X-Ray Diffraction (XRD) and transmission electron
microscopy (TEM) results. Reproduced with permission from ref.16
Copyright © 2008 Elsevier Ltd.
Various techniques exist to disperse incompatible filler materials into polymer
matrices as has been described in Chapter 1. Some of the most common methods include
melt-blending,18–20 solution intercalation,21,22 and surface initiated polymerization (SIP).23–
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SIP, in particular, is an attractive approach since anchoring of the newly grown chains

on the filler surface is essentially guaranteed by the graft-from method.25 As a result, a
much higher content of exfoliated nanoclay, when compared to conventional melt blending
approaches (usually < 5 wt%),16 can be achieved without sacrificing the bulk properties of
the polymer matrix (e.g. flexibility, optical transparency, etc.). The combination of SIP
with careful selection of the tethering polymer chemistry is one technique to further
enhance desired materials properties.
2.1.2 Semi-crystalline block copolymer (BCP) as a matrix material in
nanocomposites
Semi-crystalline polymers have been broadly used as gas barrier films. The chain
packing in crystalline domains is impermeable to small gas molecules.29,30 Wang et al.
previously reported a confined geometry in multilayer films can increase chain packing
efficiency of semi-crystalline polyethylene oxide (PEO) compared to the bulk polymer.
This results in significantly lower gas permeability (more than two orders of magnitude)
with decreasing PEO layer thickness (several microns down to 20 nm). Since SIP yields
densely grafted polymer chains on the filler surface, a polymer containing semi-crystalline
segments grafted onto the MMT surface could produce enhanced chain packing efficiency
of the semi-crystalline polymer as well. If a side chain crystalline polymer can be
successfully anchored on the MMT surface, the resulting nanocomposites might possess
densely packed crystalline domains in a parallel direction to the MMT, possibly further
enhancing gas barrier properties.
Conventionally, most barrier materials contain several layers where each layer
serves to inhibit rapid diffusion of a particular species (e.g., water, oxygen, chemical
agents, etc.).14 As a potential solution to reduce the production cost associated with multilayer formation, we examined a BCP as a scaffold material due to its ability to
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spontaneously self-assemble into nanoscale morphologies.31,32 If each block in the BCP
portion of the hybrid material were selected to serve as a nanoscale barrier layer, then the
multi-step production process of making a multilayer barrier structure could be completely
replaced with a single layer of this hybrid BCP material, leading to a significant reduction
of production costs. Most importantly, the fact that the clay and BCP are an integrated
subunit should render these materials not only melt and solution processable, but also
recyclable.
2.1.3 Summary of work
For the clay nanocomposites produced in this study, we conducted SIP of BCPs
directly from the clay surface using activators regenerated by electron transfer atom
transfer radical polymerization (ARGET ATRP). This synthetic technique is highly
versatile and allows for the controlled synthesis of a wide range of vinyl monomer-derived
polymers.33 It is also a robust process compared to other living polymerization processes
because propagating radicals are less sensitive to impurities than ionic reactions.
Additionally, the ARGET enhancement of traditional ATRP, in which significantly less
catalyst species is required by addition of a reducing agent,34 further eradicates sensitivity
to impurities and allows for less contamination of the final product by catalyst.
In the following section, we present a synthetic strategy to produce poly(octadecyl
acrylate)-block-polystyrene (PODA-b-PS) BCPs tethered to MMT surfaces using surface
initiated ARGET ATRP. Poly(octadecyl acrylate) (PODA) is a side chain crystalline
polymer with a crystal melting temperature around 50 °C. A rigid polystyrene (PS) block
was chosen as a subsequent block to ensure the resulting BCP composites maintain their
structural integrity. Also, the final composite samples are expected to exhibit thermoplastic
elastomer like behavior within a certain temperature range, which could aid in the
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composite material’s processability and recyclability. By controlling synthesis parameters,
the BCPs with targeted composition were successfully synthesized from the MMT surface.
The resulting BCP tethered on the MMT surfaces exhibited a fivefold increase in effective
clay loading without significant clay aggregation (especially when compared to processing
by melt blending).16 The films cast from the nanocomposite solution were optically
transparent with 92 % transmittance to visible light through a 6.2 m thick film sample.
Moreover, due to the high grafting density of BCPs on the MMT platelet, the percent
crystallinity of the BCP nanocomposite samples was increased up to 440 % when compared
to non-tethered but otherwise identical BCPs. We believe this material can potentially be
used as a recyclable, flexible, and optically transparent gas barrier film that would be useful
for advanced barrier and packaging purposes.
2.2 SYNTHESIS, CHARACTERIZATION AND PROPERTIES OF SURFACE GRAFTED MMTBCP NANOCOMPOSITES
2.2.1 Surface initiated synthesis of PODA-b-PS BCP from MMT clay
BCPs were synthesized via surface-initiated polymerization (SIP) from MMT
platelets by adapting established ARGET ATRP methods (Figure 2.3).25,26 First, sodium
MMT was ion exchanged with a long alkyl chain surfactant that contained an initiator
moiety for ARGET ATRP. The initiator-functionalized MMT (MMT-SI) thus served as
the initiator for ARGET ATRP of PODA. After polymerization of the PODA block,
ARGET ATRP of styrene was conducted from the MMT-PODA macroinitiator. The
resulting BCP composite material (MMT-PODA-PS) was purified by precipitation in
methanol.
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Figure 2.3: ARGET ATRP of PODA-b-PS BCPs from the surface of MMT clay.
The polymers synthesized from the surface of MMT were characterized by gel
permeation chromatography (GPC) after ion exchange to cleave the polymer chains from
the clay particles. Then the polymer underwent a transesterification procedure with
octadecanol to remove the charged end groups without disrupting the octadecyl acrylate
side chain structure. This step eliminated interactions between the charged end groups and
the GPC columns, enabling accurate characterization of the molecular weight of prepared
samples. Table 2.1 summarizes the compositions of all synthesized BCP nanocomposites
as well as the molecular weight and polydispersity of the corresponding building blocks.
As are shown in Table 2.1, the Mn of PODA measured by GPC matches well with the
theoretical Mn calculated based on monomer conversion, a good indication of the ‘living’
polymerization process of the first block of PODA from the clay surface. The ‘livingness’
of the bromide end group of MMT-PODA macroinitiators was confirmed by the
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subsequent grafting of PS block with controlled molecular weight and low PDI. A uniform
horizontal shift of refractive index (RI) signal toward a lower elution volume in the GPC
chromatogram as shown in Figure 2.4a is consistent with uniform growth of the PS chains
from the MMT-PODA macroinitiators. Representative samples in Table 2.1 were all
targeted with a ~50 vol% of each block, with the purpose of potentially forming a lamellar
structure of the BCP matrix.
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Figure 2.4: (a) GPC chromatograms of BCP after ion exchange and transesterification of
MMT-PODA67 and MMT-PODA67-PS54 where the subscripts indicate the
number average molecular weight (Mn) of the components in kDa. (b)
Proton NMR of BCP after ion exchange of MMT-PODA67-PS54.
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Table 2.1: Composition of MMT-PODA-PS nanocomposites
MMTSample

PODA,
Mn (kDa)a

MMT-PODA16PS20
MMT-PODA23PS17
MMT-PODA46PS45
MMT-PODA67PS54

MMT-PODA,
Mn,theo (kDa)b

MMT-

MMT-

MMT-

Vol% of

PODA,

PODA-PS,

PODA-PS,

PS,

PDIa

Mn (kDa)c

PDIa

fPS (%)d

15.7

12.2

1.26

35.7

1.18

56

22.8

23.9

1.15

39.7

1.15

43

46.3

44.4

1.23

85.0

1.32

46

66.9

68.8

1.31

121

1.17
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a. Number averaged molecular weight (Mn) determined by tetrahydrofuran (THF) GPC after ion-exchange
with LiBr and transestirification with octadecanol. A dn/dc of 0.06257 (mL/g) in THF was determined
experimentally by plotting the integrated refractive index signal for the PODA homopolymer peak for
various sample concentrations and extracting the slope. The dn/dc value was used to molecular weight
calculation of the PODA block.
b. The theoretical molecular weight Mn,

theo

was calculated as Mn,

theo

(g/mol) = [Monomer]

/[Initiator]*(conversion%)*324.54 where the percentage monomer conversion was calculated from the
ethylene double bond conversion of octadecyl acrylate by 1H NMR.
c. Mn of the PS block was determined by 1H NMR (Figure 2.4b) and Mn of MMT-PODA-PS was
calculated.
d. Volume percentage of PS was calculated using a density of 0.985 g/cm3 for PODA29 and 1.040 g/cm3 for
PS.

Thermal transitions of the synthesized BCP nanocomposites were characterized by
differential scanning calorimetry (DSC) and the corresponding thermograms are shown in
Figure 2.5. Two distinct thermal transitions were detected for all samples. The thermal
transitions correlated well with established literature values for PODA35 and PS36
homopolymers. The endothermic peak ca. 53 °C represents the melting transition (Tm) of
the PODA side chain crystals while the second thermal transition around 108 °C is
attributed to the glass transition temperature (Tg) of the PS block. These two separate
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transitions appearing near the expected values of their pure homopolymer analogs suggest
that BCP micro-phase segregation occurred for all prepared samples. The Tg of PODA was
estimated to be close to -111 °C.37 But it was not observed by DSC, possibly due to
crystalline side chain immobilization of the backbone making the Tg relatively weak or the
fact that this transition temperature was too close to the lower temperature limit of the DSC
instrumentation. The Tg of the PS block was similar to the accepted value for PS
homopolymer, which implies the segmental mobility of the PS block was not significantly
altered by the surface grafting.38 Based on the DSC thermograms, the BCP composites
would be expected to be rigid solids at temperatures below 53 °C and thermoplastic
elastomer-like materials between 53 °C and 108 °C because the rigid MMT and PS
domains are interconnected by liquid PODA chains. At temperatures above 108 °C, they
are expected to be melts or liquids (i.e., melt processable).
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Figure 2.5: DSC thermograms of nanocomposites collected during second heating at a
heating rate of 20 °C/min.
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2.2.2 Clay content and dispersion
Because the degree of exfoliation (i.e., in this case, exfoliation means disruption of
the natural stacked clay structure such that MMT is dispersed, ideally, as isolated platelets
uniformly in the matrix) is often correlated to property enhancement in nanocomposite
materials, XRD was conducted to discern the degree of the exfoliation of the MMT after
the synthesis. Figure 2.6 shows the results of XRD measurements on samples at various
synthetic stages. Natural MMT with sodium counterions has a well-characterized intergallery spacing (d-spacing) of 12.2 Å, which then increased to 18.5 Å upon addition of the
surface initiator, denoting that the surface initiator displaced the existing sodium cations.
After the PODA block was grafted onto the MMT platelets, the absence of a characteristic
diffraction peak suggests the exfoliation of the MMT particles.

Figure 2.6: XRD profile with indicated scattering peaks and corresponding d-spacing.
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To further characterize the degree of exfoliation, representative TEM images of
thin sections of the MMT-PODA-PS nanocomposite samples prepared by cryomicrotome
are shown in Figure 2.7. Individual platelets appear as very faint streaks or dots in the
image. At low magnification, Figure 2.7a suggests the dispersion of the MMT platelets is
uniform with only a few small MMT aggregates (dark spots) indicating an overall good
dispersion. As shown in Figure 2.7b, a higher magnification image of the identical sample
revealed many fully exfoliated single clay sheets along with a few doublets, triplets, etc.
Combining TEM with XRD, one can conclude that the MMT is well-dispersed in the
polymer, as expected for an in-situ polymerized system.
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Figure 2.7: TEM images of MMT-PODA16-PS20 microtomed sections at low (a) and high
(b) magnifications. Total clay content is 12 wt% (6.4 vol%) for this sample.
In order to induce micro-phase segregation of the BCP attached to the MMT, the
bulk nanocomposite samples were thermally annealed at 170 °C for 2 - 4 days in vacuum.
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Subsequently, the annealed samples were microtomed into thin sections of ca. 70 nm
thickness and deposited onto TEM grids. Figure 2.8 shows a representative morphology
of the BCP domains in the nanocomposite sample (MMT-PODA67-PS54). The BCP
exhibited a high degree of phase segregation with good contrast between the two polymer
blocks without additional staining. This could be due to the presence of MMT which
enhanced the contrast between the PODA block that encapsulates the adjacent MMT and
the PS block, allowing for direct imaging of the domains without staining. We attributed
the darker regions to the PODA domains because of their crystallinity and MMT content.
Image analysis of the TEM micrographs revealed the ratio between dark and bright areas
was ~ 1.3. Considering the volume fraction of clay sheets in this sample is 2.9 %, the ratio
of dark area contributed by PODA to the bright area from PS is therefore ~1.2, which is
consistent with the volume ratio of the corresponding blocks in the sample (i.e. PODA to
PS). The morphology resembled the ‘corona’ morphology, which had been previously
observed for MMT-PS-b-poly(tert-butyl acrylate)39 specimens with a similar block volume
ratio.

32

Figure 2.8: TEM image of MMT-PODA67-PS54 microtomed section.
The synthesized MMT-PODA-PS nanocomposite samples were examined in
thermogravimetric analysis (TGA) under N2 atmosphere up to 800 °C. As is shown in
Figure 2.9, besides the initial evaporation of water, the degradation of organic components
within pristine MMT up to 600 °C is about 5.5 wt%. After grafting of the surface initiator,
the modified clays are found to have 28.9 wt% of volatile degradable components. And it
can be calculated that about 24.8 wt% of the MMT-SI is composed of the alkyl ammonium
surface initiator, corresponding to 94.8% of Na+ ion being exchanged on the MMT clay
surface, calculated from the MMT clay ion exchange capacity of 92 milliequivalent/100g.40
The calculation steps are listed below.
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To determine the initiator efficiency of the SIP, we compared the molecular weight
obtained from GPC results with the theoretical molecular weight calculated based on
monomer conversion and the assumption of 100% initiator activity. They match well as is
demonstrated in Table 2.1. This validates the assumption of ~100% initiator activity,
which was also proved by the previous work by Behling et al. on MMT-PS grafting
reactions.41 The grafting density was therefore calculated as 0.87 chain/nm2 which was
based on the estimated specific surface area of MMT of ca. 600 m2/g.42 Compared to the
previous densely grafted polymer brush systems, where 16 kDa PS were grafted on planar
gold surface with a grafting density of 0.31 chain/nm2,43 where the poly(methyl
methacrylate) (PMMA) chains on silica wafer at 0.7 chain/nm2,44 and where a surface
initiated ATRP of PS reaching 1 chain/nm2,41 the grafting density of PODA-PS chains on
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the clay surface in this work is high enough to be in the dense brush regime. Considering
the bulky side chains of the PODA segment in particular, the PODA-PS chains form a
highly stretched brush on the clay surfaces. This high grafting density is attributed to the
surface initiated polymerization and a minimized steric hindrance during the grafting
process.41
The clay content of each sample was determined based on the residual weight of
the silicate components of the MMT clay (Table 2.2). The clay content in the bulk
nanocomposite samples ranged from 5 to 12 percent by weight. Note that the polymer
chains were grafted from the clay surface meaning that the clay inclusion in the PODA
block in particular reached as high as 27 wt%. This further demonstrates the capability of
the SIP synthetic route to obtain a high contents of filler material in a polymer matrix.
Considering the high degree of clay exfoliation mentioned in the previous section, this SIP
procedure clearly demonstrates its advantages in maximizing the interaction of the
inorganic filler and the polymeric matrix in an exfoliated state compared to traditional melt
blending methods which, in most cases, produce nanocomposites with exfoliated filler
material only when inorganic content is below 10 wt%.45–47
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Figure 2.9: Representative TGA profile with a heating rate of 10 °C/min in N2 showing
decomposition of organic components.

Table 2.2: Clay content in MMT-PODA-PS BCP nanocomposites
MMT-PODA-PS

Total Mw

Clay Weight Percent

Clay Weight Percent in

Sample

(kDa)

(%)

MMT-PODA (%)

MMT-PODA16-PS20

35.7

12

27

MMT-PODA23-PS17

39.7

9.1

16

MMT-PODA46-PS45

85.0

8.6

16

MMT-PODA67-PS54

121

5.7

10
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2.2.3 Crystallinity and optical properties of the BCP nanocomposite films
To evaluate whether the high grafting density of the BCPs on the MMT surface
enhanced crystallinity of the PODA block, non-isothermal crystallization experiments
were performed with DSC. The crystallinity of the anchored BCP chains on the MMT clay
surface was compared with those of non-anchored BCP analogs. For this comparison, the
polymer chains were cleaved from the surface of MMT via ion exchange with excess salt
to produce non-anchored BCP samples with crystalline PODA blocks. The fraction of
crystallinity in the PODA block, 𝑥𝑐 , was calculated from Eq. (1), where ∆𝐻𝑓 is the
enthalpy of fusion of the sample measured by DSC and ∆𝐻𝑓0 is the enthalpy of fusion of
the perfect PODA crystal. The value of ∆𝐻𝑓0 for PODA is 220.0 J/g.48

𝑥𝑐 = (

∆𝐻𝑓
)
∆𝐻𝑓0

(1)

The estimated percent crystallinity for all samples are listed in Table 2.3. For all
samples, percent crystallinity was increased at least 300 %. We strongly believe this
crystallinity enhancement was caused by the high grafting density of the BCPs on the clay
surface which partially stretched/elongated the chains. Here, the crystalline side chains of
the PODA block are geometrically confined by being anchored to MMT at the chain end,
yet the side chains are pre-organized due to the stretched polymer backbone enhancing the
crystalline chain packing compared to non-anchored PODA. Figure 2.10 illustrates a
conceptual comparison of this BCP morphology. In the anchored BCP, the side chains are
forced to grow closer to the neighboring chains as is shown in Figure 2.10b than they
would in their non-anchored state, Figure 2.10a. It is observed that the improvement in
percent crystallinity increases with molecular weight of PODA block in the system of
MMT-PODA-PS. Without more information about the exact microstructure of the BCP,
however, it is difficult to rationalize the trend. MMT-PODA was also examined after the
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polymerization of the first block, which showed mostly comparable but slightly higher
values for 3 of the samples compared to MMT-PODA-PS. MMT-PODA and MMTPODA-PS have the same high grafting density, causing the PODA segments near the clay
surfaces to be stretched to a comparable extent, which contributes to the increased
crystallinity in both cases compared to neat PODA-PS BCP. However, the PODA segments
in MMT-PODA-PS are restricted at both ends, leading to a loss in segmental mobility and
less ability for PODA segments to rearrange as they incorporate into the crystal.
Table 2.3: Comparison of crystallinity in the PODA block
% Crystallinity
Nanocomposite

Crystallinity in PODA block (%)

Sample

Increase
(MMT-PODA-PS vs.

PODA-PS

MMT-PODA

MMT-PODA-PS

MMT-PODA16-PS20

7.71

41.5

32.8

325

MMT-PODA23-PS17

6.38

41.6

31.0

386

MMT-PODA46-PS45

7.34

38.7

36.0

390

MMT-PODA67-PS54

8.50

36.3

46.2

444

neat PODA-PS)

Figure 2.10: Illustration of the structures of (a) free BCP chains and (b) densely grafted
BCP chains.
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As optical transparency is a distinctive advantage of many polymeric films, when
a nanocomposite material is formed, achieving a good dispersion of nanofillers in bulk
nanocomposites is always crucial for retaining good optical properties of the bulk material.
In order to examine optical properties of nanocomposite films with the dispersion of MMT
clay sheets in the PODA-PS BCP matrix, the visible light transmittance was collected with
UV-Vis spectroscopy for MMT-PODA16-PS20 nanocomposite films, which corresponds to
the specimen with the highest clay content (27 wt%). Nanocomposite films were solution
cast onto a quartz plate out of toluene. All films with thicknesses up to 6.2 m exhibited a
high transmittance (> 92 %) across the entire visible light range (390 nm-700 nm). Figure
2.11 shows the average light transmittance to visible light as a function of film thickness.
The high optical clarity is also strong supporting evidence that the MMT is well dispersed
since the MMT aggregates would significantly scatter light. The thickest film (6.2 µm) has
an average transmittance of 92.3% across the entire visible light spectrum, which is nearly
20 % higher than previously reported nanocomposite films made by solution
intercalation.4,49 From an application perspective, the desirable optical transparency
renders these materials potential candidates for transparent coatings, or clear packaging
materials.
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Figure 2.11: Average visible light transmission as a function of film thickness measured
on fused quartz slides. Films were solution cast onto quartz slides out of
toluene and thicknesses of specific spots were measured by profilometry.
2.3 EXPERIMENTAL
2.3.1 Materials
MMT clay was generously provided by Southern Clay Products Inc. All the
reagents were purchased from Sigma-Aldrich and used as received unless otherwise noted.
Octadecyl acrylate monomer (100mL) (melting point = 32 °C) was purified with aluminum
oxide (0.5g) and calcium hydride (0.5g) at 40 °C under agitation for 1 hour to remove all
the inhibitor and residual water in the monomer. Styrene monomer (Sigma Aldrich, 99%)
(100mL) was purified with a mixture of calcium hydride (0.5g) and aluminum oxide (0.5g)
at room temperature for 1 hour. Anisole (Sigma Aldrich, 99%) was also purified with a
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mixture of calcium hydride (0.5g) and aluminum oxide (0.5g) at room temperature for 1
hour. All of the solutions were filtered to remove the solid purification agent particles prior
to polymerization. Copper(II) chloride, Tin(II) 2-ethylhexanoate (Sn(EH)2), Tris[2(dimethylamino)ethyl]amine (Me6TREN) (Fisher) were used as received.
2.3.2 MMT surface modification
The surface initiator, 11’-(N,N,N-trimethylammonium bromide)-undecyl-2bromo-2-methyl propionate, was synthesized according to a previous procedure50. MMT
(2.5 g) was dispersed in 800 mL of deionized water and sonicated using a 400W probe
sonicator (Branson, Digital Sonifier 450) at 20% amplitude for 30 min. Surface initiator (1
g) was then dissolved in 100 mL of deionized water and the solution was slowly added into
the MMT dispersion. The mixture was vigorously stirred for 48 hours. The suspension was
filtered and washed with copious amounts of DI water to remove unattached surface
initiators. The solids were filtered and dried under vacuum to obtain a dry free-flowing
powder of MMT-SI.
2.3.3 Polymerization of octadecyl acrylate monomer to form PODA attached to the
MMT clay surface
ARGET ATRP was used to polymerize the octadecyl acrylate monomer to form
the PODA block attached to the MMT surface. MMT-SI, CuCl2, Me6TREN, and Sn(EH)2
were added at molar ratios of 1 : 0.1 : 1 : 2. The molar feed ratio of octadecyl acrylate
relative to surface initiator was controlled to target different molecular weights while the
monomer conversions were kept around 30 % in all reactions. The polymerization was
conducted at 60 °C with 50 wt% of anisole as the reaction solvent. MMT-SI, octadecyl
acrylate, CuCl2, Me6TREN and anisole were added into a round bottom flask. The reducing
agent Sn(EH)2 was measured in a separate Erlenmeyer flask. Both flasks were purged with
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dried argon at room temperature for at least 30 min to remove the oxygen. A luer lock
syringe with a needle attached was purged with argon for 5 min and used to transfer the
reducing agent to the round bottom flask. The flask was immediately placed in an oil bath
at 60 °C and reacted for 0.5 to 2 hrs. The polymerization was terminated by placing the
flask into liquid nitrogen followed by exposing the reaction mixture to air. The product
MMT-PODA was purified by first diluting with THF and then precipitating in acetone.
2.3.4 Polymerization of the styrene block from the MMT-PODA macro-initiator
The subsequent polymerization of the styrene block was performed similarly using
ARGET ATRP. As a representative example, the molar ratios of styrene, MMT-PODA as
the macroinitiator, CuCl2, Me6TREN, Sn(EH)2 were 375 : 1 : 0.188 : 1.88 : 3.76. For
different samples, the monomer to macroinitiator ratios were adjusted according to targeted
molecular weights of the PS block. The polymerization was run at 90 °C for 48 hours with
40 wt% anisole as reaction solvent.
2.3.5 Cleavage of polymer chains from clay surface and removal of charged end
groups for GPC characterization
MMT-PODA was ion exchanged with LiBr salt in THF for 2 hours. The solution
was centrifuged and the supernatant was collected in order to recover polymer chains
cleaved from the clay. Dried polymer products (160 mg) were dissolved in 7 mL THF
with 200 mg of octadecanol. The solution was refluxed at 100 °C. Sulfuric acid (approx.
20 drops) was slowly added to the solution and the subsequent transestirification reaction
was allowed to continue at 100 °C for 7 days. The resulting solution was precipitated with
ethanol, centrifuged, collected and finally dried in a vacuum oven.
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2.3.6 Characterization
2.3.6.1 Gel permeation chromatography (GPC)
GPC was used to obtain the polymer molecular weights and polydispersity indicies,
using a Viscotek GPCMax VE 2001 GPC solvent/sample module with a Viscotek model
270 Dual Detector viscometer/light scattering detector, Viscotek VE 3580 refractive index
detector with two Viscotek I-Series Mixed Bed Low MW Columns. THF was used as the
eluent and the flowrate was 1.0 mL/min.
2.3.6.2 Proton nuclear magnetic resonance (1H NMR)
NMR spectra were recorded on a Varian 400 MHz DirectDrive NMR with SMS
sample changer to determine the conversion of ODA monomer after the synthesis of the
PODA block, and the ratio of PS to PODA in the BCP after synthesis of the PS block.
Specifically, the octadecyl acrylate block has characteristic peaks at 3.70 - 4.20 ppm (2
protons in the PODA side chain adjacent to the ester group) and the styrene block has
characteristic peaks at 6.18 - 7.21 ppm (5 aromatic protons).
2.3.6.3 X-ray diffraction (XRD)
XRD was performed on a Rigaku R-Axis Spider diffractometer with an image plate
detector using Cu Kα radiation (λ = 1.54 Å) and a graphite monochromator. XRD samples
were prepared by mixing a small amount of sample with a droplet of mineral oil and
mounting on a cryoloop.
2.3.6.4 Thermogravimetric analysis (TGA)
Thermal decomposition behavior of the copolymers was investigated using a
thermogravimetric analyzer (DSC/TGA 1, Mettler Toledo). Samples were heated from 25
°C to 1000 °C at 10 °C/min under nitrogen atmosphere.
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2.3.6.5 Differential scanning calorimetry (DSC)
Samples were heated and scanned under a continuous nitrogen purge (50 mL/min)
at 20 °C/min within the temperature range of 0 -150 °C using a Mettler Toledo DSC 1. The
Tg for each sample was taken as the midpoint step increment in the specific heat of the
second heating cycle. The crystallinity of PODA was calculated based on the enthalpy of
fusion (∆Hf0) for PODA of 220.0 J/g.48
2.3.6.6 Microtome and transmission electron microscopy (TEM)
Ultra-thin sections of ~60-70 nm were cut cryogenically from annealed bulk
nanocomposite samples with a diamond knife at - 60 °C using an RMC PowerTome XL
ultramicrotome. TEM images were acquired on a FEI Tecnai Spirit Bio Twin operated at
80 kV.
2.3.6.7 UV–vis spectroscopy
Visible light transmission of nanocomposite films was measured using a Thermo
Scientific Evolution 220 UV-Visible Spectrophotometer. Films were solution cast on
quartz slides out of toluene and thicknesses of specific spots were measured by
profilometry to report thickness corrected transmission values.
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Chapter 3. Conclusions and Future Work
3.1 CONCLUSIONS
In Chapter 2, a series of poly(octadecyl acrylate-block-polystyrene) grafted
montmorillonite clay (MMT-PODA-PS) nanocomposites resembling thermoplastic
elastomers were successfully synthesized and characterized for the first time. Surface
initiated activators regenerated by electron transfer atom transfer radical polymerization
(ARGET ATRP) using a quaternary ammonium functionalized initiator was used to control
the architecture of the block copolymers (BCPs) anchored to the surface of MMT; this
polymerization methodology simultaneously promoted exfoliation and good dispersion of
the MMT platelets. The resultant nanocomposite showed a higher degree of clay inclusion
without significant aggregation of nanofillers in the polymer matrix compared to melt- or
solution-mixed analogs using preformed polymers. This feature directly contributed to the
optical transparency of films made from these nanocomposite materials. Surface initiated
polymerization also enabled the semi-crystalline PODA portions of the chains to be more
densely packed near the MMT surfaces resulting in a significant increase in the crystallinity
of the PODA side chains. Higher crystallinity in polymer nanocomposites is a desirable
attribute for barrier film materials and this is an area for future study.
3.2 FUTURE WORK
With the synthesis of the MMT-PODA-PS composite system in hand, there are
several areas of interest for future research which aim to gain a deeper understanding about
the interaction between the MMT filler and BCP matrix. In addition, a more thorough study
of their properties and how they are connected to their unique structure would be instructive
to realizing their full potential in applications.

49

3.2.1 Morphological behavior
In the previous chapter, several imaging results were shown for the MMT-BCP
composites primarily to demonstrate the exfoliation and dispersion of clay sheets in the
polymer matrix. However, further investigation of the morphological behavior of the
PODA-PS BCP grafted to clay sheets is recommended. Previous studies have shown that
adding a filler material into a BCP matrix can significantly alter the phase diagram.1–4 For
example, Behling et al. investigated poly(n-butyl acrylate-block-styrene) (PnBA-PS) BCPs
that were directly attached to MMT filler and found that the lamellar morphology is more
preferred than for free PnBA-PS BCPs.4 They constructed a BCP phase diagram, which
clearly shows lamellar structures outside the expected compositional regions for neat
PnBA-PS BCP (Figure 3.1). The MMT-PnBA-PS samples were annealed at 150 °C in
vacuo for 4 days and the aforementioned behavior did not depend on the order of the two
blocks.
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Figure 3.1: Representative transmission electron microscopy (TEM) micrographs of
different observed morphologies in MMT-PS-PnBA nanocomposites,
perforated lamellae, disordered lamellae, and lamellae. Phase lines are an
approximation intended to guide the eye. Diamonds refer to MMT-PSPnBA and circles refer to MMT-PnBA-PS. Scale bar is 50nm. Reproduced
with permission from ref.4 Copyright © 2015 Wiley Periodicals, Inc.
An outstanding question of why the lamellar morphology was not observed in our
experiments is discussed below along with recommended modifications that could be made
to our experimental procedures for producing such structures. In our studies, we have
attempted thermal annealing of MMT-PODA-PS samples at 170 °C under vacuum for up
to 4 days. However, we did not observe by microscopy clear phase segregation and/or
formation of microdomains for the different blocks, although domains rich in each block
were strongly suggested by differential scanning calorimetry thermograms. One
contributing factor could be the much longer side chain for ODA molecules compared to
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nBA, which renders the PODA block relatively inflexible/bulky block compared to nBA.
Beiner and Huth have concluded from X-ray scattering and relaxation spectroscopy data
for a series of poly(n-alkyl acrylates) and poly(n-alkyl methacrylates) that nanophase
separation occurred in the polymer melt for polymers with long side chains, and the alkyl
groups of the polymers aggregate and form self-assembled alkyl nanodomains with a
typical size of 0.5-2 nm depending on the length of side chains.5 The mobility of the
polymer backbone is restricted as the side chain length increases. For poly(n-alkyl
acrylate), the cross over from amorphous to crystalline alkyl nanodomains started at
polymers with side chains of 10 carbons.6 The impact of this structural transition on the
mobility of the polymer backbone remains an interesting research topic for further studies.
We suspect that this inflexibility/bulkiness dramatically reduces the mobility of the BCP
during thermal annealing which limits its ability to thermally rearrange, especially
considering that all the PODA segments are anchored on the surface of relatively stiff clay
sheets (another mobility restricting factor). Thermal annealing or solvent annealing for
much longer periods of time could be potential strategies to reach equilibrium structures in
our BCP.
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Figure 3.2: TEM image of MMT-PODA-PS nanocomposite. Dark spots are residual
metals in the sample.
In the TEM images of the microtomed thin film MMT-PODA-PS samples, we have
observed quite a number of dark residual impurities (Figure 3.2) which were identified as
metal tin (Sn) by dark field TEM with energy-dispersive spectroscopy (EDS) elemental
analysis. With an ARGET ATRP process where the copper(Ⅱ) chloride catalyst amount
is below 100 ppm, the removal of catalyst and reducing agent is often times not a major
concern.7 In our synthesis, however, a relatively high ratio of initiator to catalyst was used,
leading to a higher concentration of reducing agent. This high amount of catalyst and
reducing agent was required due to the reaction kinetics for controlled polymerization of
ODA monomer, which has a much higher propagation rate and a much lower termination
rate than acrylate monomers with shorter side chains.8 The residual metal in the sample
could mask contrast between different domains even after staining. Therefore, removal of
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tin and copper could be a necessary step for properly acquiring high quality images of
MMT-PODA-PS structures. In conclusion, more extensive studies optimizing annealing
conditions and sample purification for imaging needs should be completed in order to draw
solid conclusions regarding the morphological behavior of PODA-PS BCPs that are
attached to clay sheets.
3.2.2 Applications of MMT-BCP nanocomposites
Barrier properties of semi-crystalline polymer-clay nanocomposites are
presumably determined by two contributors: the crystalline structure of the polymer matrix
and the dispersion of clay sheets. Both the presence of the crystalline structure9,10 and the
plate-like clay sheets11 are generally impermeable to small penetrant molecules, forcing
those molecules to travel along a tortuous path through the amorphous phase. Previous
experimental work on polyethylene terephthalate-clay nanocomposites synthesized by insitu polymerization showed a 2-fold reduction in

oxygen permeability with only 1wt%

addition of clay.12

Figure 3.3: Permeation path imposed by nanoplatelet modification of polymer films.
Thus, the additional barrier provided by the high crystallinity from the PODA block
in our PODA-PS-MMT block copolymers provides strong motivation for use of this
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polymer as a barrier material. However, the high crystallinity also led to a decrease in the
mechanical properties of the material resulting in brittle behavior, which was seemingly
not improved by the glassy state of the other block (PS). To increase ductility, it may be
interesting to synthesize one block composed of both amorphous and semi-crystalline
acrylate monomers, instead of making a homopolymer PODA block. The inclusion of more
rubbery acrylate units may mitigate the brittle behavior. An alternative strategy could be
to reduce the grafting density of the chains on the MMT surface by blending initiatorfunctionalized with alkyl-functionalized quaternary ammonium molecules. This may allow
the chains on nearby MMT platelets to more easily interdigitate for transferring mechanical
load. A third strategy could be to introduce crosslinks between chains on adjacent MMT
platelets.

This could be accomplished by blending together two different MMT-BCP

materials with a small fraction of complementary reactive groups (amines and epoxides or
alkynes and azides, among many other possibilities) near chain ends or by doping into the
composite a universal cross-linker such as bisbenzophenone. If the mechanical properties
of these composites can be enhanced, the composite films can be tested more rigorously
for membrane applications.
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Chapter 4. Water Dispersible Magnetite Nanoparticles with Ultra-high
Magnetic Susceptibility for Low Field Applications
4.1 INTRODUCTION
Magnetic nanoparticles have attracted widespread attention due to their potential
applications in diverse areas such as contrast agents for electromagnetic subsurface
imaging,1,2 magnetic resonance imaging (MRI),3,4 targeted drug delivery,5,6 magnetic
hyperthermia treatments,7,8 wastewater treatment,9 and data storage.10–12 These particles, if
smaller than 20 nm, are superparamagnetic,13 in which the unpaired spins of these particles
are randomly oriented in the absence of a magnetic field, but can be aligned reversibly by
an external magnetic field as a result of the competition between thermal energy and the
magnetic anisotropy energy. Magnetite (Fe3O4) nanoparticles have appealing
characteristics as they have a high saturation magnetization, which is 92.8 emu/g Fe3O4,14
are non-toxic and feasible to produce in large quantities.15
An important parameter for low magnetic field applications is the initial magnetic
susceptibility (), which can be determined from the Langevin equation approximated to
the following relationship assuming that the applied field strength (H) is sufficiently small,
16–18

Ɵμ0 πM𝑑2 D𝑝3
dM
=( )
=
dH H→0
18𝑘B T
where µ0 is the magnetic permeability in vacuum, Md is the bulk (solid) saturation
magnetization, Dp is the magnetic diameter of the particle, Ɵ is the particle volume fraction,
𝑘B is Boltzmann’s constant, and T is the absolute temperature. Larger particles within the
superparamagnetic regime exhibit higher . The cluster size, however, also plays an
important role in determining the  when they are colloidally dispersed. Ge et al. have
demonstrated that magnetite nanocrystal clusters can respond to external magnetic field
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much more sensitively than individual primary nanoparticles without compromising the
superparamagnetic characteristics of the ferrofuid.19
While abundant studies have been conducted on the saturation magnetization of
magnetic nanoparticles, relatively few studies have focused on the initial magnetic
susceptibility at low fields (below 13 Oe or 1000 A/m), which is important in cross-well
electromagnetic imaging, heavy metal removal from wastewater, etc., where the magnetic
field inevitably weakens over a large distance/space. Thus, nanoparticles with high
magnetic susceptibility are preferred for magnetic sensor and contrast agent applications.
The effect of primary nanoparticle size on the initial susceptibility of an aqueous ferrofluid
synthesized by a co-precipitation approach was studied by Yoon et al. and a  of 0.85 was
obtained at a nanoparticle concentration of 1.6% by volume.20 It was also demonstrated
that at low particle concentrations (< 5 vol%),  increased linearly with the volume fraction
of the nanoparticles. At higher concentrations, however, interparticle interactions can lead
to a non-linear increase of susceptibility. Fannin et al. observed that an aqueous dispersion
of magnetite nanoparticles showed a  of 0.20 for a 2.3 vol% solution and a  of 2.92 when
the solution was concentrated to 7 vol%.21 Similarly, Ewijk et al. reported a  of 0.2 at 2
vol% for a ferrofluid composed of 15 nm magnetite nanoparticles,14 and a linear increase
in  with particle volume fraction up to ~5 vol%.22,23 In this work, we focus only on dilute
ferrofluid systems (<4.5 vol%) and report  data at 2 vol% for different systems by linear
extrapolation for direct comparison.
Despite the fact that iron oxide nanoparticles (IONPs) are well studied materials,
the industrial scale synthesis remains a challenge. The two most industrially applicable
ways to synthesize IONPs so far has been co-precipitation and thermal decomposition. Coprecipitation occurs in water with Fe (II) and Fe (III) salts mixed at a 1:2 molar ratio in
alkaline conditions in the presence of stabilizers which can be citrate, oleic acid or
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polymers (dextran, or polyvinyl alcohol).24–27 However, co-precipitation in aqueous media
usually results in poor crystallinity and a broad size distribution. Recently, thermal
decomposition of metal-organic compounds in a high boiling point polyol solvent has been
used to produce high quality nanoparticles.28–30 The obtained nanoparticles are usually
coated with a layer of either hydrophilic or hydrophobic ligands depending on the polyol
media and the chemical environment of the nanoparticle dispersion. The temperature
profile can be controlled to enable fast nucleation and slow crystal growth in order to obtain
monodisperse primary particles with targeted sizes.31,32 The strong coordination of the
polyol solvent with iron cations on the IONP surface forms stable colloidal dispersions
with a small cluster size. Solvents such as diethylene glycol (DEG), triethylene glycol
(TEG) and ascorbic acid can also act as a mild reducing agent throughout the reaction to
control oxidation state of the nanoparticles.
Herein, we report a new method of synthesizing magnetite nanoparticles which
involves thermal decomposition of Fe (II) acetate in TEG at 210 °C under ambient pressure.
The synthesis yields highly crystalline magnetite nanoparticles with a relatively uniform
primary particle diameter around 16 nm. These IONPs showed a high initial susceptibility
of 3.5 at 2 vol% under an applied magnetic field of 3 Oe, and a saturation magnetization
close to the theoretical limit of bulk magnetite at high fields of ~10 kOe. These
nanoparticles are readily dispersible in aqueous media and suitable for a variety of low
magnetic field applications. The nanoparticles are coated with a thin layer of silica for
stabilization making them amenable for a range of subsequent functionalizations.15
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4.2 RESULTS AND DISCUSSION
4.2.1 Synthesis and characterization of IONP

Scheme 4.1: Synthesis route of magnetite nanoparticles.
The IONPs were synthesized by thermal decomposition of iron (II) acetate in the
presence of TEG at 210 °C. The molar ratio of iron (II) acetate to TEG was varied at 1:12,
1:22 and 1:33 to control the particle size of the IONPs. The synthesis was carried out using
an overhead mechanical stirrer to avoid aggregation that could take place if using a
submerged magnetic stir bar. A generally accepted reaction mechanism is composed of a
two-step process (Scheme 4.1): first the formation of black wüstite (FeO) nanoparticles
and then the formation of magnetite (Fe3O4) by oxidation.33,34 Iron (II) acetate decomposed
around 180 °C, where the reaction color rapidly turned from light brown to black. The
reaction was heated to 210 °C and maintained at this temperature for two hours to allow
crystal growth under an argon atmosphere before the heat was removed. The resulting TEG
capped magnetic nanoparticles were readily dispersible in water (pH=3.5) with negligible
aggregation after removal of excess TEG.
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Figure 4.1: Representative transmission electron microscopy (TEM) images showing
clusters and primary particles of TEG functionalized IONPs.
The size of the primary IONPs were examined with TEM and detailed images are
provided in Figure A.1 and Figure A.2 in Appendix A. The primary particle size increased
with the concentration of the precursor in the reaction (Table A.1). The molar ratio of 1:12
(iron(II) acetate to TEG) yielded the largest spherical primary particles among the three
with an average size of (15.8±1.5 nm) (Figure 4.1), yet small enough to be in the
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superparamagnetic regime. The cluster size (Figure 4.1) was consistent with the
hydrodynamic size of ~42 nm obtained by dynamic light scattering (DLS). No significantly
bigger aggregates were observed under low magnification.

Figure 4.2: (a) TEM of silica coated IONPs (b) zeta potential curve of silica coated
IONPs at a range of pHs (c) linear correlation of initial susceptibility under a
3 Oe magnetic field as a function of IONP concentration.
The surface of the TEG coated IONP is relatively inert, which is not easily further
functionalized. Furthermore, a monolayer of TEG on IONPs may not be sufficient to
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provide steric stabilization at high concentrations which is required for certain applications.
Therefore, to improve the surface reactivity and colloidal stability, the IONPs are coated
with a thin shell of silica via sol-gel processing, the thickness of which should not
compromise the magnetic properties of the magnetic core. In this work, the silica coating
procedure reported by Kralj et al.35 was adapted to our system. The thickest silica coating
observed under TEM was 1-2 nm (Figure 4.2a) and the hydrodynamic size did not change
significantly after coating. The zeta potential of silica coated IONPs was measured at
various pHs and the trend showed that the colloid surface bears negative charges at a pH
above 3, indicating the potential for an electrostatic repulsion stabilized colloidal
dispersion (Figure 4.2b). The silica coated IONP dispersion was prepared at different
concentrations (<2 vol%) to confirm the linearity of the measured initial susceptibility
versus particle volume fraction. The correlation shown in Figure 4.2c validates our
extrapolation of susceptibility data measured at different concentrations all to 2 vol% for
comparison.
Table 4.1: Colloidal dispersion properties of a representative silica coated IONP (Sample
D in Table 4.4)
Hydrod
ynamic
Diamet
er
(nm)

34

a.
b.
c.

Primary
Particle
Diameter
by X-ray
diffractio
n (XRD)
(nm)
13.4

a

Primary
Particle
Diameter
from TEM
(nm)

(nm)

Concentrati
on of Fe3O4
(mg/mL)

Vol%
of
Fe3O4

Measured
Susceptib
ility
(SI)

2 vol%
Susceptib
ility
(SI)

Saturation
Magnetizati
on (emu/g
Fe3O4)

17.5

25.1

0.478

0.813

3.41

92.0

Magnetic
Diameter
b

16.0 ±2.8

c

Calculated by Scherrer equation.
Volume averaged diameters and standard deviation were obtained with image analysis of >100
nanoparticles for each sample in Image J.
Calculated from Langevin equation with a lognormal particle size distribution.17
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4.2.2 Crystalline structure characterization
The crystalline structure of the powdered sample of IONP was studied by XRD
(Figure 4.3). An inverse spinel structure of magnetite crystalline phase was identified with
the International Center for Diffraction Data (ICDD) card No. 19-0629. The diffraction
pattern is indexed to a cubic spinel Fe3O4 structure, showing (220), (311), (400), (422),
(511), and (440) diffraction peaks. It is known that the bulk magnetite (Fe3O4) and
maghemite (γ-Fe2O3) have nearly identical spinel structure with only about 1% difference
in the cubic lattice constant, which is very challenging to discern from the XRD
patterns.36,37 The sharp scattering peaks indicate a highly crystalline structure of the
nanoparticles. The Scherrer equation was used to calculate the crystallite size of the particle
using the (311) peak. The calculated crystalline sizes of IONPs is 13.4 nm which is in good
agreement with sizes measured by means of TEM. τ is the mean size of the ordered
crystalline domains. K is the shape factor of 0.9. λ is the wavelength of the Cu K-alpha Xray. β is the line broadening at half the maximum intensity (FWHM). θ is the Bragg angle.
𝐾𝜆
𝜏=
, 𝐾 = 0.9, 𝜆 = 0.15418 𝑛𝑚, 𝛽 = 0.0108, 𝜃 = 17.7°
𝛽 cos 𝜃
𝜏 = 13.4 𝑛𝑚
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Figure 4.3: Representative powder XRD spectra of magnetite nanoparticles.
Table 4.2: Mössbauer parameters obtained from fit of the room temperature spectra

A (tetrahedral Fe3+)

Isomer
shift
(mm/s)a
0.34

Hyperfine
field
(T)
50.4

B (octahedral Fe3+, Fe2+)

0.38

44.4

Site

*a. The isomer shift was calibrated to α-Fe foil.
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Area
(%)
74
26

Figure 4.4: Mössbauer spectroscopy of TEG coated IONPs.
Room temperature Mössbauer spectroscopy measurements were performed to
further distinguish the crystalline phase between magnetite (Fe3O4) and maghemite (γFe2O3). The measured spectrum was fit to two discrete magnetic sextets (Figure 4.4). The
hyperfine parameters are listed in Table 4.2. The narrower sextet with the smaller isomer
shift of 0.34 mm/s and the larger hyperfine field of 50.4 T was associated with the high
spin Fe3+ ions occupying the tetrahedral A sites in the inverse spinel structure of magnetite.
The broader sextet with the higher isomer shift of 0.38 mm/s and lower hyperfine field of
44.4 T would correspond to the octahedral B sites occupied by Fe2+ and Fe2+ ions.38 The
sample is therefore identified as a magnetite (Fe3O4) phase. The lower isomer shift of sextet
for site B (0.38 mm/s) in our magnetite compared to a previously reported bulk value for
stoichiometric Fe3O4 (0.66 mm/s)39 could imply that our sample is nonstoichiometric with
a lower content of Fe2+ ions than stoichiometric Fe3O4, or could be attributed to the small
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size of our synthesized nanoparticles.40,41 The line broadening for room temperature spectra
can be attributed to the size distribution of the nanoparticles.
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4.2.3 Magnetic properties of silica coated IONPs

Figure 4.5: Magnetization loop of IONP dispersions up to (a)10 kOe and (b) 3 Oe by
vibrating sample magnetometer (VSM).
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Magnetic properties of the silica coated IONPs were measured by VSM (Figure
4.5) where particles are vibrated in a direction perpendicular to the magnetic field. The
unpaired spins of the IONPs are oriented under the applied field, the strength of which is
swept over a range of magnetic fields (H) at a steady speed. The synthesized IONP
dispersions were examined under both high and low magnetic field to investigate the initial
susceptibility and saturation magnetization of IONPs, respectively. Specifically, to
determine the saturation magnetization, a high field sweep from -10 kOe to +10 kOe was
applied to generate a full magnetization loop [(Figure 4.5a]. The measured saturation
magnetization of a representative sample (Sample D; Table 4.1) was 92.0 emu/g Fe3O4,
approaching the theoretical saturation magnetization value of bulk magnetite (92.8 emu/g
Fe3O4). This is a good indication that the synthesized magnetite cores have a highly ordered
crystalline structure with little magnetic dead layer on the surface, and the surface coating
is thin enough not to compromise the core properties. The uniform crystallinity over the
entire volume of the particle was confirmed by bright field HR-TEM which shows a
measured d-spacing of 4.8 Å (Figure 4.6a), corresponding to the (111) planes of the Fe3O4
single crystal with cubic inverse spinel structure.42–44 A complementary suite of electron
microscopy techniques and associated spectroscopic methods provide valuable insight into
the core–shell structure of the silica coated IONPs. STEM-EDX mapping was performed
to reveal the Fe rich core with a Si rich shell while O was present in both the core and the
shell with more prevalence in the core structure (Figure 4.6b-f).
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Figure 4.6: Electron microscopy imaging and elemental analyses of IONPs. (a) Brightfield HR-TEM image of IONPs. Inset represents the lattice fringes, (b)
HAADF-STEM image of silica coated IONPs, (c) STEM-EDS mapping of
silica coated IONPs and (d-f) elemental mapping of the Fe, O and Si.
The initial magnetic susceptibility was measured by applying a low magnetic field
sweep up to 3 Oe on the same magnetite sample [Figure 4.5b]. The magnetization of the
colloids was 8.0 emu/g Fe3O4, reaching about one tenth of its saturation magnetization
under an external field of only 3 Oe. The slope of the magnetization curve was used to
calculate the initial magnetic susceptibility (χ) which is 3.41 on an extrapolated 2 vol%
basis (Table 4.1). The magnetic core size was also calculated using the method from
Chantrell et al. by assuming a lognormal size distribution in the ferrofluid17 and as tabulated
in Table 4.1 and Table 4.2, the results agreed well the sizes measured by TEM (Figure
4.1 and Figure A.2).
70

In comparison with commercially available ferrofluids (Table 4.3), the χ obtained
here is at least 6 times higher than the best commercial sample measured at the same
condition. Negligible hysteresis was observed from magnetization loops, showing the
superparamagnetic characteristics of the synthesized IONPs. With all the aforementioned
characterization on the synthesized IONPs, we attribute the high susceptibility of the
particles to the following: (i) the large size of primary particles (15.8 ± 1.5 nm) in the
superparamagnetic regime, and controlled cluster size (~42nm),45,46 (ii) a highly crystalline
magnetite phase as evidenced by XRD, Mössbauer spectroscopy and HRTEM and (iii)
controlled surface modification without disruption of the core structure. In our case, the
silica coating provides highly stabilized colloids in solution (unchanged hydrodynamic
size). It is thin enough not to shield magnetic sensitivity of the core, as evidenced by
consistent susceptibility of TEG coated IONPs versus silica coated IONPs (Table 4.4). By
coating a silica shell, we also avoided the possible spin disorder on the particles surface
which could be caused by usage of ionic surfactants. As revealed by previous studies,
surface spin disorder could reduce the inter-particle dipolar interaction, leading to a
reduced magnetic susceptibility.47
Table 4.3: Comparison of magnetic properties of synthesized IONP and commercial
ferrofluid
Hydrodyn
amic
Diameter
(nm)

Primary
Particle
Diameter
from TEM
(nm)

Concentr
ation of
Fe3O4
(mg/mL)

Vol%
of
Fe3O4

Measured
Susceptibi
lity
(SI)

2 vol%
Suscept
ibility
(SI)

Saturation
Magnetiza
tion
(emu/g
Fe3O4)

Ferrofluid 1 FerroTec MSG W08

53

8.1 ±1.9

45.2

0.861

0.255

0.59

99.1

Ferrofluid 2 FerroTec MSG W10

49

7.9 ±2.0

35.8

0.683

0.213

0.62

97.8

Sample

Source

To investigate the reproducibility of the IONPs, the synthesis was repeated multiple
times and at various reaction scales. The silica coating did not cause any obvious loss of
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magnetic properties as evidenced by the comparison of TEG and silica coated IONPs as
presented in Table 4.4 showing an average initial magnetic susceptibility χ of 3.55 ± 0.26
and a saturation magnetization of 85.8 ± 6.5 emu/g Fe3O4. The high reproducibility of
producing the sensitive magnetic cores and a robust surface coating protocol renders this
synthetic procedure of much industrial interest for large scale production of IONPs for
remote sensing and mapping applications.
Table 4.4: Reproducibility of TEG-functionalized IONPs at different reaction scales
S
a
m
p
l
e

Hydrod
ynamic
Size
(nm)

Concentr
ation of
Fe3O4
(mg/mL)

Calculated
Magnetic
Diameter
(nm)

Measured
Susceptibi
lity
(SI)

2 vol%
Suscept
ibility
(SI)

Saturati
on
Magneti
zation
(emu/g
Fe3O4)

Reactio
n Scale
(gram
of
precurs
or)

Vol%
of
Fe3O4

Coatin
g on
the
IONP

A

33

24.4

0.465

14.3 ±2.2

16.3

0.766

3.29

76.3

5.4

TEG

B

26

97.4

1.86

17.6 ±3.5

18.8

3.30

3.56

93.8

5.2

TEG

C

53

21.1

0.363

14.9 ±2.1

18.2

0.680

3.36

85.1

3.5

TEG

D

34

25.1

0.478

16.0 ±2.8

17.5

0.813

3.41

92.0

9.0

Silica

E

54

35.3

0.672

17.5 ±3.1

19.5

1.341

3.99

82.8

6.5

Silica

F

53

47.4

0.904

14.6 ±2.6

16.9

1.68

3.71

84.2

3.8

Silica

a.

Primary
Particle
Diameter
from TEM
(nm)

a

Diameters was measured with Image J for >100 nanoparticles and averaged on the volume basis
with standard deviation.

4.3 CONCLUSIONS
Monodisperse superparamagnetic magnetite nanoparticles were synthesized via
thermal decomposition of iron(II) acetate in TEG. The nanoparticles formed stable aqueous
colloidal dispersions with primary particle sizes in the range of 12-17 nm and average
cluster hydrodynamic diameters below 50 nm. The magnetic cores were coated with a thin
shell of silica to make them amenable for further functionalization and colloidal stability.
XRD and electron microscopy revealed highly crystalline IONPs with little amorphous
structure on the surface. Mössbauer spectroscopy further confirmed that these particles
possess the crystalline magnetite phase. These structural features contributed to a high
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saturation magnetization approaching that of bulk magnetite. The controlled primary
particle size and cluster size result in ultra-high initial magnetic susceptibilities at
extremely low fields, 6 times exceeding their commercial counterpart. The synthesis is
highly reproducible and scalable to large quantities, opening up the possibility of using
these IONPs for industrial low magnetic field applications, like remote sensing and subsurface imaging.
4.4 EXPERIMENTAL
4.4.1 Materials
Iron (II) acetate [Fe(CO2CH3)2] was purchased from Alpha Aesar. TEG (C6H14O4)
and tetraethyl orthosilicate (TEOS) [Si(OC2H6)4] were purchased from Sigma Aldrich,
USA, and used without further purification.
4.4.2 Synthesis of TEG-coated iron oxide nanoclusters
IONP syntheses were carried out by modifying the procedure reported by Gunay et
al.48 IONPs were prepared by the thermal decomposition of iron(II) acetate (light brown
powder) in the presence of TEG at 210 °C in an inert argon atmosphere while the stirring
was carried out using an overhead mechanical stirrer. In a typical synthesis, 5 grams (28.8
mM) of iron (II) acetate were mixed with 50 mL (333 mM) TEG in a 250 mL three-neck
round bottom flask equipped with condenser, mechanical stirrer and a heating mantle. The
mixture was purged with argon gas for at least 20 min before ramping up to 210 °C in 20
min, and then refluxed at 210 °C for two hours. Heating was then removed and the reaction
mixture was cooled to room temperature. The synthesized IONPs were purified by copious
washing with a mixture of ethanol and DI water and ethyl acetate if needed to facilitate
separation before centrifuging at 10,000 rpm for 10 minutes. The procedure was repeated
at least three times to remove excess TEG. The obtained pellets were redispersed in 1wt%
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nitric acid and immediately precipitated by adding ethyl acetate and centrifuging. The
loosely agglomerated pellets were redispersed with DI water to form a stable colloidal
dispersion at a final concentration around 10 mg/mL and pH of 3.5.
4.4.3 Silica coating of IONPs
The silica coating was applied by modifying the procedure of Kralj et al.35 TEG
coated IONPs were dispersed in an alkaline media of pH 12 at a concentration of 0.1 wt%.
TEOS was diluted with ethanol at volumetric ratio of 1 : 9 and the mixture was added to
the IONPs dispersion over 3.5 hours by a syringe pump while vigorously stirring. The mass
ratio of IONPs to TEOS was 0.05. The particles were collected with a strong magnet and
washed with copious amounts of DI water. The aqueous dispersion was sonicated using a
400W probe sonicator (Branson, Digital Sonifier 450) at 30% amplitude and centrifuged
at 3500 rpm to remove big aggregates. The dispersion was finally concentrated by
centrifugal filtration with Amicon Ultracel-10K regenerated cellulose centrifugal filters.
4.4.4 Characterization
4.4.4.1Flame atomic absorption spectroscopy (FAAS)
The concentration of Fe in the dispersion was measured on a GBC 908AA flame
atomic absorption spectrometer (GBC Scientific Equipment Pty Ltd). All measurements
were conducted at 242.8 nm using an air-acetylene flame. 100 µL of IONP dispersion
(20mg/mL) was digested in 900 µL of 12 M HCl overnight; the volume ratio of HCl :
nanoparticle dispersion was 9:1. After digestion, the samples were then diluted with 1 wt%
HNO3 to a concentration between 1 and 5 ppm of Fe. Nanoparticles that were coated with
silica or polymer were filtered through a 20 nm pore size syringe filter (Whatman
ANOTOP 25). The FAAS was calibrated with ferric nitrate nonahydrate solutions in 1%
nitric acid at concentrations from 1 to 5 ppm of Fe. The calibration was repeated every
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10 samples. The concentration of the original suspension was calculated in the units of
mg/mL Fe3O4 based upon the measured Fe content.
4.4.4.2 Dynamic light scattering (DLS)
Hydrodynamic sizes (DH) of aqueous dispersions of the as-prepared iron oxide
clusters were measured with a Brookhaven ZetaPALS instrument with the ZetaPlus option
at a 90o scattering angle. The collected auto-correlation function curves were fit with the
CONTIN routine to give volume-averaged size distributions. All measurements were made
over a period of 2 min and at least three measurements were performed on each sample.
The concentration of IONPs for DLS samples were adjusted to obtain a count rate of ~500
kcps. The hydrodynamic diameter reported here is the peak value of the main peak that
accounts for >70% of cluster volume.
4.4.4.3 Zeta potential measurements
Electrophoretic mobility of different types of clusters was measured with a
Brookhaven Zeta PALS instrument at a 15o scattering angle at room temperature in 10 mM
KCl solution (Debye length = 3 nm). 10 measurements with 30 electrode cycles for each
run were performed and data were averaged. Zeta potential was obtained from the
electrophoretic mobility using the Smoluchowski model.
4.4.4.4 X-ray diffraction (XRD)
X-ray diffraction was obtained on a Rigaku R-Axis Spider diffractometer with an
image plate detector using Cu Kα radiation (λ = 1.54 Å). Samples were prepared on nylon
loops and scanned for 10 min rotated at a rate of 10 o/min.
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4.4.4.5 Transmission electron microscopy (TEM)
TEM images were acquired on a FEI Tecnai Spirit Bio Twin TEM operated at 80
kV. The samples were prepared by drop casting a dilute aqueous suspension of IONPs onto
400 mesh Formvar coated copper grids. The average diameter was obtained with Image J
in which at least 100 primary particles at various spots of the grid were measured.
High-resolution transmission microscopy (HR-TEM) and HAADF-STEM images
were obtained on a field emission JEOL 2010F TEM operated at 200 kV. Scanning
transmission electron microscopy Energy dispersive X-ray spectroscopy (STEM-EDX)
mapping was done on a JEOL 2010F equipped with an Oxford X-MaxN 80TLE solid state
detector. The STEM probe size was ~1 nm and drift correction was performed during the
mapping using AutoLock in Oxford’s Aztec software while the EDS maps were obtained
with acquisition times of more than 1 min. The microscope was operated at 200 KeV
accelerating voltage.
4.4.4.6 Vibrating sample magnetometer (VSM)
The initial susceptibility of magnetic fluid samples was measured with a VSM
(Microsense model EZ7 and EV7) under a magnetic field with intensity swept between -3
to +3 Oe at a rate of 0.15 Oe/s. Saturation magnetization was measured under a -10 kOe to
+10 kOe range swept at a rate of 250 Oe/s. All the magnetic fluid samples are measured at
300 K at a DC field with vibration frequency of 75 Hz.
4.4.4.7 Mössbauer spectroscopy
The Mössbauer spectroscopy measurements were performed at room temperature
in transmission geometry with a
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Co source in Rh matrix mounted on a constant

acceleration drive. The spectrometer was calibrated using an iron foil. A VORTEX detector
with 150 eV resolution was used to discriminate the 14.4 keV radiation. IONPs are dried
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and the sample powder were placed between Kapton tapes. Data analysis was performed
using in-house software. All isomer shifts are given with respect to metallic α-Fe at room
temperature.
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Chapter 5. Effect of Synthesis Conditions on Morphological, Colloidal
and Magnetic Behavior of Iron Oxide Nanoparticles
The control of various parameters including the size, shape, colloidal stability, and
oxidation state of nanoparticles is historically nontrivial for many nanoparticle synthesis
procedures. This challenge becomes more formidable for large scale syntheses, where the
colloidal size is usually more difficult to control and the polydispersity of the particles
typically increases, both of which can impact the final properties significantly. In the
previous chapter, we demonstrated a novel procedure to synthesize magnetic iron oxide
nanoparticles (IONPs) as contrast agents for the target application of cross-well
electromagnetic imaging. The reaction conditions in that study were optimized for
obtaining superparamagnetic IONPs with a high initial magnetic susceptibility with the
application of a low strength external field. In this chapter, we will focus on the effects of
two different stirring methods on particle size/morphology and finish with a discussion of
an alternate colloidal stabilization route.
5.1 THE EFFECT OF AGITATION METHOD ON THE SIZE AND SHAPE OF IONPS
5.1.1 Magnetic stirring
For mass production of magnetic nanoparticles used in ferrofluid applications, the
bulk properties of the ferrofluid are strongly affected by the polydispersity of nanoparticles,
as well as the colloidal dispersion state. Yet synthesizing magnetic nanoparticles with
controlled size and morphology is non-trivial especially given the magnetic nature of the
particles. Magnetic stirring plates and stir bars are commonly used for lab scale synthesis,
but not surprisingly, this equipment will apply an external magnetic field on the reaction
solution, possibly causing inhomogeneous mixing. In our studies, we have observed a
correlation between the homogeneity of the reaction solution and the resulting size and
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morphology of the nanoparticles. More specifically, by adjusting the stirring conditions for
the reaction solution during IONP synthesis, we were able to obtain magnetic IONPs with
various morphologies.
In the previous chapter, we demonstrated the successful synthesis of spherical
nanoparticles in >50 mL reaction scales using mechanical stirring. However, large
agglomerations occurred when the same synthesis (50 ml of reaction solution in a 250 ml
round bottom flask) was conducted with magnetic stirring, even though we could still
obtain particles with similar magnetic properties to the ones presented in the previous
chapter. Furthermore, these aggregates were difficult to stabilize throughout the
purification procedure described in the previous chapter and usually precipitated out of
solution very easily. This phenomenon was also observed to correlate with the reaction
scale. For example, when the reaction was scaled down by a factor of 10, i.e., 5 mL of
reaction solution in a 50 mL round bottom flask, the aggregation caused the majority of the
particles to precipitate out of solution, yielding only a small amount of colloidally stable
IONPs.
We attributed the aggregating behavior to the application of an external magnetic
field from the magnetic stir plate and stir bar on the growing magnetic nanoparticles in
solution. This caused a concentration gradient in the vertical direction, as is illustrated in
Figure 5.1. First, an external magnetic field can induce a magnetic moment on the IONPs,
resulting in stronger particle-particle interactions in the solution during the nanoparticle
growth. This interaction becomes stronger as the size of the primary particles (or
nanoclusters/aggregates of several particles) increases, leading to bigger aggregates in the
final product. Thus, even though the spinning speed of the stir bar was high enough to
macroscopically agitate the entire solution, the particles were inevitably attracted to the
bottom of the solution which eventually led to more severe aggregation compared to the
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solution near the top. This effect was exacerbated for smaller scale reactions, since the
magnetic attraction became stronger for the solution closest to the magnet.

Figure 5.1: Concentration gradient in a reaction solution where magnetic nanoparticles
are being formed/grown, which resulted from the use of a magnetic stir
plate.
Interestingly, transmission electron microscopy (TEM) images (Figure 5.2) of the
particles after purification revealed that the sample contained ~50nm spherical
nanoclusters composed of a number of smaller primary nanoparticles.
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Figure 5.2: TEM images of nanoclusters produced with magnetic stirring. White scale
bars are 50 nm.
This morphology was previously observed by Ge et al. In that study, the size of the
nanoclusters was controlled by using different amounts of NaOH to accelerate the
aggregations

of

nanoparticles

during

co-precipitation

(Figure

5.3).1

Aggregation/nanoparticle clustering is not uncommon in nanoparticle syntheses and it
often occurs during the second stage of nanoparticle growth, after the precursors have
decomposed to form nuclei during the first stage of nanoparticle growth following the
classic La Mer mechanism.2,3 However, in our study, the presence of the small primary
grain size suggests that the typical second stage particle growth has been interrupted by
early stage aggregation. One possible solution is to electrostatically or sterically stabilize
the particles with a surface ligand,4 but these ligands often interfere with magnetic
properties (which will be discussed later in this Chapter).
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Figure 5.3: TEM images and size distributions of colloidal nanoclusters of different sizes
from Ge et al. Scale bars are 200 nm. Reproduced with permission from
ref.1 Copyright © 2007 WILEY‐VCH Verlag GmbH & Co. KGaA,
Weinheim.
5.1.2 Mechanical stirring
With the goal of achieving a homogeneous particle dispersion, we moved to
mechanical agitation in order to eliminate the impact of the external magnetic field from
magnetic stirring.
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Figure 5.4: Illustrations of the reaction flask equipped with a mechanical stirrer.
During the reaction, the stirring blade was fixed at an angle of θ to the stirring shaft
(Figure 5.4a). We found that the stirring conditions affected the process of nanoparticle
growth to a large extent. When the stirring blade was aligned perpendicular to the stirring
shaft (i.e. θ=90°, Figure 5.4b), we could reproducibly obtain ~14 nm spherical particles
(Figure 5.5a) with high yield (>80wt%) as described in the previous chapter. When the
stirring blade was tilted, however, we began to observe a combination of morphologies
including both spherical and elongated particles (Figure 5.5b). At the maximum tilt (θ ca.
0°, Figure 5.4c), the synthesized particles were elongated in shape (~50 nm in length and
~5 nm in width). As is shown in Figure 5.5c, about every 3-5 nanorods aggregated along

86

the longitudinal surface to form a bundle. These bundles were randomly oriented while
alignment in each bundle was obvious.
Though many prior studies have produced anisotropic magnetic nanoparticles using
a variety of techniques, including using lecithin assembly as a template,5,6 synthesizing
particles in a multiphase reaction,7 and using sonochemistry under an external magnetic
field,8 the mechanism behind this formation is not well understood. In our work, we suspect
the position of the stirring blade generates different shear fields in the reaction solution,
which controls the nucleation and aggregation of nanoparticles during the reaction. Here,
our conclusion is based on two particular studies. One is from Li et al., which discusses the
impact of mechanical agitation on the nanoparticle growth leading to different sizes and
shapes of the final product.9 The other study focuses on how the positioning of a stirrer in
a reactor, as well as the geometry of the stirrer, can affect the shear field of the reaction
solution.10 Though the results from those two studies cannot be directly applied to our
system due to the disparity in chemical and specific flow conditions, our synthesis results
did corroborate that the stirring conditions greatly impact the particle morphology.
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Figure 5.5: TEM images of IONPs of different morphologies synthesized with
mechanical stirring when (a) θ~90°, (b) 0°<θ<90°, (c) θ~0°.
In addition to TEM analysis, the corresponding magnetic properties of the particles
were measured by vibrating sample magnetometer (VSM). For the largest change in shape
(Figure 5.5c), the elongated particles had a high initial susceptibility of 2.96 (SI units) at
2 vol% after exposure to a magnetic field (strength up to 3 Oe, Figure 5.6a), which is
88

comparable to our spherical IONPs (3.4 at 2 vol%) from the previous chapter. They also
had a high saturation magnetization of 83.2 emu/g Fe3O4 (Saturation magnetization of bulk
magnetite is 92.8 emu/g Fe3O4.) with negligible hysteresis (Figure 5.6b).

Figure 5.6: Magnetization loops of elongated IONPs synthesized with mechanical
stirring (a) up to a 3 Oe external field and (b) up to a 10 kOe external field.
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Shape anisotropy or morphology can impact magnetic properties, one of these
being coercivity, or the resistance of a magnetic material to changes in magnetization. For
example, Huber et al.11 demonstrated a large increase in coercivity for acicular magnetic
particles, a property which has been utilized in the recording industry leading to the largest
commercial application of iron nanoparticles.12,13 This high coercivity, derived from the
high-aspect-ratio of the particles, increases the energy required to reverse magnetization,
thus minimizing the chance of accidental changes in magnetization which is desired for
safe data storage. However, the elongated nanoparticles in our results showed negligible
coercivity under an external magnetic field at 300K. We suspect larger sizes or higher
aspect ratios of the particles could eventually lead to higher coercivity.11,14
In this section, we have demonstrated that different stirring methods have a clear
impact on the final morphology of the particles. Magnetic stirring is generally not
recommended for synthesizing magnetic nanoparticles due to the resulting inhomogeneity
of the solution. Mechanical stirring is preferred with the caution of careful
positioning/control of the stirrer relative to the reactor. Our preliminary results additionally
show that there are ways to control particle morphologies by adjusting stirring
characteristics. The rod-like particles could also be used in an application which could
benefit from a high surface area, such as a use which requires subsequent grating reactions
and/or self-assembly of nanoparticles.
5.2 EFFECT OF SURFACE LIGANDS ON THE COLLOIDAL DISPERSION OF IONPS AND THE
CORRESPONDING MAGNETIC PROPERTIES
Electrostatic repulsion can be used to stabilize colloidal nanoparticles. In the case
of commercial ferrofluids, the surface properties of the magnetic particles often determine
the colloidal stability.14 In the previous chapter, we coated IONPs with a shell of silica to
provide stability through electrostatic repulsion and to enhance surface functionality, while
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keeping the silica shell thin enough so as not to diminish the magnetic properties of the
core. Here, we instead used a surfactant, trisodium citrate (Figure 5.7), as an alternative
method to remove IONP aggregations in solution. Trisodium citrate was chosen because,
as a water soluble ligand, it is easily adsorbed onto the cationic surface of IONPs and can
stabilize the surface with excess negative charge, rendering the IONPs water dispersible.
By gradually increasing the concentration of the ligand in the IONP dispersion, we
observed the IONP aggregates separating into smaller clusters and, eventually, individual
nanoparticles as demonstrated in TEM images (Figure 5.8a, b).

Figure 5.7: Chemical structure of trisodium citrate.

91

Figure 5.8: TEM images of IONPs. (a) IONPs dispersed in 0.2 wt% trisodium citrate
solution, (b) IONPs dispersed in 1 wt% trisodium citrate solution. (c), (d)
commercial Ferrotec ferrofluid.
Previous studies have shown that surface coating can actually decrease the
magnetization of nanoparticles, and this effect becomes more prominent for smaller
particles due to the large surface area/volume ratio.14,15 This reduction has been associated
with surface spin canting, or the existence of a spin-glass-like behaviour of the surface
spins.16 Similarly in our work, while trisodium citrate does offer a more convenient
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approach to stablize particles, the magnetic susceptibility was compromised. In contrast,
magnetically inert silica coatings are a relatively well studied coating material, and such
coatings preserve magnetic properties due to the prevention of dipolar coupling between
neighboring particles. The magnetic properties obtained using a silica coating (discussed
in the previous chapter) are compared with the current technique using trisodium citrate in
Table 5.1. We found that while the magnetic susceptibility of trisodium citrate coated
IONPs was reduced to 30% of that from particles with a silica shell, the ligand did not
significantly impact the saturation mangetization under high field. Unfortunately, not many
researchers have quantified the effects of various surface ligands on magnetic properties.
In one very recent work, Misra et al. showed citrate ligands, as well as the counterion Na+,
can both have an impact on the mangetic intreactions of coated nanoparticles.17 Still, more
detailed and quatitative work needs to be conducted in order to fully understand the
mehcanism behind our experimental results.
Table 5.1: Comparsion of mangetic properties of different IONP colloids

Sample

Initial
susceptibility
(SI)

Saturation
Magnetization
(emu/g Fe3O4)

Hydrodynamic
Diameter by
Dynamic Light
Scattering
(DLS) (nm)

Triethylene glycol (TEG)
coated IONP

3.36

85.1

53

Silica coated IONP

3.40

92.9

34

TEG coated IONP
+
1 wt% Trisodium Citrate

1.00

87.4

32

Ferrotec Ferrofluid

0.540

88.0

49
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5.3 EXPERIMENTAL
5.3.1 Materials
Iron (II) acetate [Fe(CO2CH3)2] was purchased from Alpha Aesar. Triethylene
Glycol (TEG) (C6H14O4), tetraethyl orthosilicate (TEOS) [Si(OC2H6)4], trisodium citrate
dihydrate (HOC(COONa)(CH2COONa)2·2H2O) were purchased from Sigma Aldrich,
USA, and used without further purification.
5.3.2 Synthesis of TEG-coated iron oxide nanoclusters
IONP syntheses were carried out by modifying the procedure reported by Günay et
al.18 IONPs were prepared by the thermal decomposition of iron(II) acetate (light brown
powder) in the presence of TEG at 210 °C in an inert argon atmosphere while the stirring
was carried out using an overhead mechanical stirrer. In a typical synthesis, 5 grams (28.8
mM) of iron (II) acetate were mixed with 50 mL (333 mM) TEG in a 250 mL three-neck
round bottom flask equipped with condenser, mechanical stirrer and a heating mantle. The
mixture was purged with argon gas for at least 20 min before ramping up to 210 °C in 20
min, and then refluxed at 210 °C for two hours. Heating was then removed and the reaction
was cooled to room temperature. The synthesized IONPs were purified by copious washing
with a mixture of ethanol and DI water and ethyl acetate (~2:1:1 by volume) to facilitate
separation before centrifuging at 10,000 rpm for 10 minutes. The procedure was repeated
at least three times to remove excess TEG. The obtained pellets were redispersed in 1wt%
nitric acid and immediately precipitated by adding ethyl acetate followed by centrifugation.
The loosely agglomerated pellets were redispersed with DI water to form a stable colloidal
dispersion at a final concentration around 10 mg/mL and pH of 3.5.
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5.3.3 Silica coating of IONPs
The silica coating was performed by modifying the procedure of Kralj et al.19 TEG
coated IONPs were dispersed in an alkaline media of pH 12 at a concentration of 0.1 wt%.
TEOS was diluted with ethanol at a volumetric ratio of 1 : 9 and the mixture was added to
the IONPs dispersion over 3.5 hours by a syringe pump during vigorous stirring. The mass
ratio of IONPs to TEOS was 0.05. The particles were collected with a strong magnet and
washed with copious amounts of DI water. The aqueous dispersion was sonicated using a
400W probe sonicator (Branson, Digital Sonifier 450) at 30% amplitude and centrifuged
at 3500 rpm to remove big aggregates. The dispersion was finally concentrated by
centrifugal filtration with Amicon Ultracel-10K regenerated cellulose centrifugal filters.
5.3.4 Characterization
5.3.4.1 Flame atomic absorption spectroscopy (FAAS)
The concentration of Fe in the dispersion was measured on a GBC 908AA flame
atomic absorption spectrometer (GBC Scientific Equipment Pty Ltd). All measurements
were conducted at 242.8 nm using an air-acetylene flame. 100 µL of IONP dispersion
(20mg/mL) was digested in 900 µL of 12 M HCl overnight; the volume ratio of HCl:
nanoparticle dispersion was 9:1. After digestion, the samples were then diluted with 1 wt%
HNO3 to a concentration between 1 and 5 ppm of Fe. Nanoparticles that were coated with
silica or polymer were filtered through a 20 nm pore size syringe filter (Whatman
ANOTOP 25). The FAAS was calibrated with ferric nitrate nonahydrate solutions in 1%
nitric acid at concentrations from 1 to 5 ppm of Fe. The calibration was repeated every
10 samples. The concentration of the original suspension was calculated in the unit of
mg/mL Fe3O4 based upon the measured Fe content measurements.
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5.3.4.2 Dynamic light scattering (DLS)
Hydrodynamic sizes (DH) of aqueous dispersions of the as-prepared iron oxide
clusters were measured with a Brookhaven ZetaPALS instrument with the ZetaPlus option
at a 90o scattering angle. The collected auto-correlation function curves were fit with the
CONTIN routine to give volume-averaged size distributions. All measurements were made
over a period of 2 min and at least three measurements were performed on each sample.
The concentration of IONPs for DLS samples were adjusted to obtain a count rate of ~500
kcps. The hydrodynamic diameter reported here is the peak value of the main peak that
accounts for >70% of cluster volume.
5.3.4.3 Transmission electron microscopy (TEM)
TEM images were acquired on a FEI Tecnai Spirit Bio Twin TEM operated at 80
kV. The samples were prepared by drop casting a dilute aqueous suspension of IONPs onto
400 mesh Formvar coated copper grids. The average diameter was obtained with Image J
in which at least 100 primary particles at various spots of the grid were measured.
5.3.4.4 Vibrating sample magnetometer (VSM)
The initial susceptibility of magnetic fluid samples was measured with a VSM
(Microsense model EZ7 and EV7) under a magnetic field with intensity swept between -3
to +3 Oe at a rate of 0.15 Oe/s. Saturation magnetization was measured under a -10 kOe to
+10 kOe range swept at a rate of 250 Oe/s. All the magnetic fluid samples are measured at
300 K at a DC field with vibration frequency of 75 Hz.
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Chapter 6. Polyelectrolyte Coating of Iron Oxide Nanoparticle Clusters
for Enhanced Transport Mobility in High Salinity High Temperature
Oil Reservoir Environments
6.1 INTRODUCTION
As was described in Chapter 4, the advantageous magnetic properties of iron oxide
nanoparticles (IONPs) have made them promising candidates for contrast agents to address
current challenges in subsurface electromagnetic imaging. Ideally, when a highly mobile
contrast agent is injected into subsurface flow channels, it can reveal fluid movement,
composition of the fluid, and the distribution of oil wells located at distances hundreds of
meters away underground as long as the contrast agent can be transported through the oil
reservoir.1 However, bare IONPs cannot survive in a typical oil reservoir environment
given the high salinities (>1M), elevated temperatures, and the presence of various mineral
surfaces.2,3 The high salinity and high temperatures can accelerate the aggregation of
nanoparticles (NPs), while anionic mineral surfaces can cause adsorption of positively
charged species; both can lead to severe loss of nanoparticle transport / mobility.4,5
At high ionic strength, the electrical double layer on the particle surface becomes
thinner and provides weaker electrostatic repulsion between particles. Recently, polymer
functionalized IONPs have received significant attention given the greater range of steric
repulsion in addition to electrostatic repulsion at high salinity.6,7 In general, an important
prerequisite for polymer coatings to be able to stabilize nanoparticles is that the polymer
by itself should be soluble in the same media and not undergo phase separation.8 A variety
of polymers have been studied previously for their solvation status in high salinity aqueous
solutions. Nonionic polymeric stabilizers such as polyethylene glycol (PEG),
polyacrylamide (PAM), and polyvinyl pyrrolidone (PVP) have been widely used as
stabilizers.9 However, PAM and PVP stabilized nanoparticles tend to aggregate under
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physiological (0.15 M NaCl) as well as moderate saline (0.9 M NaCl) conditions, where
the Debye lengths become smaller than 1 nm.10–12 Additionally, PAM and PVP chains
collapse leading to agglomeration in the presence of NaCl; thus they do not remain
extended when grafted on nanoparticle surfaces.12 In contrast, ionic polymers, i.e.
polyelectrolytes, are more stable (i.e., solubility stability) in water at elevated temperatures
compared to nonionic polymers. For example, weakly acidic polyelectrolytes such as
polyacrylic acid (PAA) remain soluble in 1 M NaCl at ambient temperatures. However,
PAA suffers from easy agglomeration in the presence of divalent cations, (e.g., Ca2+, Mg2+)
which are commonly present in oil reservoirs.13,14 In contrast, sulfonated polymers with
low divalent cation binding affinities tend to remain solvated at high salinities and
temperatures.15,16
Another challenge faced in oil reservoir environments is the broad presence of
anionic mineral surfaces. In aqueous environments, there is a strong thermodynamic
driving force for cationic species (NP surfaces or polymer coatings) to adsorb onto the
often negatively charged mineral surfaces.17–19 For example, physically adsorbed PAA
coating layers on nanoparticles undergo desorption from the nanoparticle surface when
exposed to other charged mineral surfaces.20 In order to prevent desorption of the polymer
coating from nanoparticle surfaces, covalently grafted polymers are required in the harsh
oil reservoir environment.
Recently, collaborative efforts at UT Austin demonstrated electrosteric
stabilization of IONPs in very high salinity American Petroleum Institute (API) brine (8
wt% NaCl and 2 wt% CaCl2) at elevated temperatures (up to 90oC) using a series of
sulfonated

random

and

block

copolymers.21–25

Poly(2-acrylamido-2-

methylpropanesulfonate-co-acrylic acid) (poly(AMPS-co-AA)) random copolymers were
found to be effective stabilizers for ~150 nm IONP dispersions at 90 °C for up to 30 days.
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Lab scale batch adsorption tests using model silica spheres and crushed berea sandstone
provided some insight towards how the particles interact with anionic media in brine. In
order to achieve sufficient transport mobility of the INOPs in a dynamic reservoirmimicking flow environment, optimization of the nanoparticle stabilization and polymer
grafting procedure is required.
Herein, following the IONP synthesis protocol presented in Chapter 4, we present
an improved approach to synthesize and purify IONPs grafted with the random copolymer
poly(AMPS-co-AA). These nanoparticles are colloidally stable in API brine at 120 °C and
the cluster sizes are smaller than 100 nm, which is about two fold smaller than previous
work.23–25 The polymer chains were grafted onto IONPs via a 1-ethyl-3-(3(dimethylamino)propyl)-

carbondiimidecarbondiimide (EDC) catalyzed amidation

reaction. The IONPs were extensively characterized at various stages by thermogravimetric
analysis (TGA) to determine organic content, zeta potential measurements to determine the
surface charge, and dynamic light scattering (DLS) to determine the hydrodynamic
diameter. The improved grafting method, as well as purification by tangential flow
filtration (TFF), rather than magnetic separation and centrifugation as used previously,23,25
reduced the degree of aggregation producing hydrodynamic diameters smaller than 100 nm
in API brine. These particles remained colloidally stable even after storage in brine at 120
°C for up to 30 days. In contrast, the nanoparticle diameters were ~150-200 nm in previous
studies.24–26 With smaller, more stable particles and more uniform grafting, the
nanoparticle adsorption in crushed Berea sandstone decreased markedly by a factor of 3
compared to our previous work. The ability to decrease nanoparticle adsorption is very
important for subsurface applications given the large surface areas in the formations and
large quantities of nanoparticles required. When flowing through a consolidated Berea
sandstone core, the mass breakthrough increased from 8.7% to 79% corresponding to a
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reduction in adsorption/retention from 432 to 266 µg/g respectively. Furthermore, to the
best of our knowledge, this is the first study to demonstrate stability of IONPs at 120 °C in
API brine using poly(AMPS-co-AA).
6.2 RESULTS AND DISCUSSION
6.2.1 Synthesis and characterization of IONPs
To covalently attach polymer chains onto nanoparticle surfaces, we chose the
‘graft-to’ route. Compared to other options such as ‘graft-from’ and ‘graft-through’, the
‘graft-to’ approach has the advantages of a predefined length and composition of the
polymer chains, eliminating the need for an uneconomical catalyst and an inert atmosphere,
which are often required with surface-initiated polymerization.27–32 The ‘graft-to’ approach
enabled control of both the initial surface modification and the subsequent polymer
synthesis, which is advantageous for scaling up syntheses.33

Figure 6.1: Schematic of the surface functionalization and polymer grafting procedure
used on the IONPs.
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A schematic of the 4-step procedure used to prepare polymer grafted IONPs is
shown in Figure 6.1. The particle synthesis and silica coating steps are described in detail
in chapter 4. In order to graft polyelectrolyte onto the silica coated IONPs, the particles
were first coated with a layer of amine groups via reacting with (3-aminopropyl)triethoxysilane (APTES). In the polymer grafting step, the amine groups were then reacted
with carboxylic acid groups in the random copolymer of poly(AMPS3-co-AA1) to form
covalent amide bonds. The random copolymers were synthesized by free radical
polymerization as in previous studies. It has a number averaged molecular weight M n of
125 kDa and PDI of 1.4 as determined by gel permeation chromatography (GPC). The
molar ratio of AMPS to AA units is 3:1 as determined by proton nuclear magnetic
resonance (1H NMR).
Table 6.1: Hydrodynamic diameters of 3 batches of IONPs in DI water during various
stages of functionalization

Sample
#
1
2
3

Hydrodynamic Diameter, nm (Mean, %V)
Polymer coated
TEG coated
Silica coated
Amine coated
IONPs
IONPs
IONPs
IONPs
(in API Brine)
34.1
39.6
43.5
61.6
24.6
28.9
37.9
46.8
27.8

31.3

38.6
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52.5

Hydrodynamic diameter (nm)

70

53.6

60
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28.8

33.3
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Polymer

Coatings on the IONPs

Figure 6.2: Averaged hydrodynamic diameters of the IONPs (Table 6.1) in DI water
after each coating step as measured by DLS.
The colloidal IONPs were characterized by DLS, zeta-potential measurements and
TGA after each coating step. The hydrodynamic volume of the nanoparticle clusters was
characterized by DLS (Table 6.1 and Figure 6.2). The hydrodynamic diameters of the
clusters in the aqueous phase grew from ~29nm for bare IONPs to ~54nm after polymer
grafting (Table 6.2), indicating minor aggregation (~2-3 times that of the primary particle
size).
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Figure 6.3: Zeta potential of IONPs during various stages of synthesis; after silica
coating, APTES functionalization (denoted amine) and polymer grafting.
The samples were prepared in 10mM KCl.
Zeta-potential measurements of the particle solution were performed after each
coating step in order to evaluate the colloidal stability of the clusters. For silica-coated
particles, deprotonation of the acidic silanol (Si-OH) groups led to a zeta potential lower
than -30 mV from pH 4 to 12 and an isoelectric point near pH=2, indicating good silica
coverage (Figure 6.3). We have also examined that the silica coated colloidal IONPs could
remain stable in DI water at room temperature for more than 12 months. After the APTES
coating, the zeta potential increased to a maximum of +30 mV at ~ pH 5 due to protonation
of the amine groups and the isoelectric point is around pH 9. Solutions required probe
sonication (at pH~5) in order to ensure the colloidal dispersion remained stable during
storage. After polymer grafting, the colloids (with a DH of ~53 nm) maintain a zetapotential lower than -40mV from pH of 2 to pH over 10, indicating significant electrostatic
repulsion was provided by negatively charged polyelectrolytes. Monitoring the evolution
of the electrostatic repulsion of bulk colloids provided useful information regarding proper
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storage of the particles as well as indicating the proper reaction pH for the nanoparticles at
different coating stages.

Figure 6.4: TGA of IONPs during various stages of functionalization: silica, APTES and
after polymer grafting.
TGA experiments were performed under nitrogen to evaluate the mass ratio of
surface coating or polymer grafting on the IONPs (Figure 6.4). All samples were purified
with a copious washing process to remove unreacted small molecules and dried under
vacuum prior to the test. For silica coated IONPs, there is a weight loss of 6.4 ± 0.7%,
which was attributed to strongly adsorbed water on the silica layer. Upon APTES addition,
the total weight loss was 13.2 ±1.0% arising from the release of water and degradation of
aminopropyl groups in the surface coating. After the polymer grafting step, the net weight
loss from polymer, water, and propylamines was 43.3 ±3.5%, corresponding to 32 wt% of
polymer content.
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Numerous efforts have been devoted to the development and optimization of the
multi-step coating procedure, which is available in the following publications.23,25,34 The
main goal is always enhancement of the colloidal properties to obtain high particle mobility
in high salinity, high temperature applications. In the current batch (shown in Figures 6.3
and 6.4), for each coating step, adjustments were made to ascertain optimal pH conditions,
choice of catalyst, and concentration of each reactant in solution.
Table 6.2: A comparison of typical hydrodynamic diameters of IONPs synthesized via
co precipitation vs TEG IONPs at various steps of synthesis at ambient
temperature

Coating status

IONP-TEG

Hydrodynamic diameters (nm), (Cumulative, %V)
Batch1
Batch 2
Current Batch
(no silica coating,
(Silica coating,
(Silica coating and
thermal grafting)25
EDC catalyzed
EDC catalyzed
grafting)23
grafting)
22.9±1.5
22.9±1.5
28.8±4.8

IONP-Silica

N/A

30.0±2.0

33.3±5.6

IONP-Amine
IONP-Polymer
(in API Brine)

55.0±7.0

97.0±2.0

40.0±3.1

165±24

156±5

53.6±7.5

Compared with Bagaria’s first successful polymer coating on IONPs synthesized
by co-precipitation and Urena’s thermal grafting procedure (Table 6.2), several
modifications were made in the current work’s 4-step procedure. First, the particles were
coated with a layer of silica prior to amine functionalization. This additional step enhanced
the amine density by 2.5 times, as revealed by conductometric titration results, compared
to the previous 3-step procedure without the silica coating step. The reactivity of TEOS
with an iron oxide surface is much higher than that of ATPES molecules.35 With the aid of
107

the silica shell, APTES grafting became more efficient, which provided more amine
functional groups for subsequent polymer grafting. In this work, we pre-oligomerized the
APTES molecules before attaching them onto the IO surface in order to promote the
efficiency of amine functionalization. Conductometric titration was used to confirm the
surface amine density. The conductivity, which is a function of the concentration of charge
carriers (ions) in the solution, of the suspension of IONPs were measured as a dilute IONP
solution (c < 0.05 mg/mL Fe3O4) was being titrated with 0.01N HCl (Figure 6.5). As is
shown by the conductivity curve, the conductivity first went down as the base (NaOH) was
being neutralized, then increased slowly as the HCl was being consumed by reacting with
surface amino groups, and eventually started to increase at a faster rate with continuous
acid addition after all the surface amino groups had been reacted. By determination of the
two points on the curve where the slopes changed, the actual amount of HCl consumed in
neutralization of surface amino group can be quantified and calculated to a surface amine
density using the surface area of the IONP clusters. The surface amine density of the aminosilica coated particles was 3.56 ±0.5 µmol/mg IONPs, which corresponds to 38  3
mol/m2 and 22.8  1.5 amines/nm2 based on the cluster diameter of 34.2±3.8 nm.
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Figure 6.5: Conductometric titration of amine coated IONPs with 0.01N HCl.
Next, for the covalent attachment of poly(AMPS-co-AA) onto the IONPs, we
focused on both the ‘grafting to’ approach with the aid of the EDC catalyst to facilitate
amide bond formation.36 In contrast to our previous work using EDC catalyzed polymer
grafting onto IONPs, modifications were made to improve the grafting efficiency as
follows: (i) the synthesized polymers were purified thoroughly by 3-day dialysis to remove
unreacted monomers and small oligomers which could have a huge impact on the total
polymer grafting efficiency. The amount of IONP and polymer used for grafting reaction
is calculated based on a 1:3 molar ratio of surface amine groups to the available AA groups
in poly(AMPS-co-AA), (ii) the mixture of polymer solution and amine coated IONPs were
bath sonicated prior to the addition of EDC, (iii) A 20wt% NaCl salt solution was added
after the addition of EDC (ca. 15 min) in order to reach a total salt concentration of 3wt%
in the reaction solution, and (iv) the reaction mixture was bath sonicated again for 90
minutes and then mixed overnight using a magnetic stirrer.
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The modification of the coating procedure led to the following improvements in the
final polymer coated IONPs. Our previous work has reported a composition of ~9%
polymer component in the final particle products (Batch 1: no silica coating, EDC
catalyzed polymer grafting).23 The thermal grafting approach with silica coating (Batch 2)
reported 23 wt% polymer in the final particle products.25 The current batch following the
4-step coating procedure results in 3.5 times higher polymer content than previous Batch
1 and 1.4 times higher than Batch 2. It is hypothesized that the increased polyelectrolyte
content is the key contributor to the improved colloidal stability and transport properties,
which will be discussed below.
6.2.2 Stability of poly(AMPS-co-AA) coated IONPs in API brine
The colloidal stability of poly(AMPS-co-AA) grafted IONPs was investigated at
room and elevated temperatures in API brine by DLS (Table 6.3). The polymer grafted
IONPs formed stable and clear dispersions in API brine at room temperature without
showing any signs of settling. Furthermore, the IONPs exhibited unprecedented stability
at 120 °C without any settling or precipitation for a month, after which the studies were
discontinued. This is the first time that long term stability of nanoparticle clusters in API
brine at 120 °C was demonstrated.23,25,37 The stability of the IONPs indicates that the
polymer chains remained solvated in brine and provided steric stabilization.
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Table 6.3: Stability of polymer grafted IONPs at 120 °C in API Brine as characterized by
the volume averaged diameter distribution via DLS
Hydrodynamic Diameter (nm), (Mean, %V)
Batch

DI

API

DI

API

DI

API

DI

API

DI

API

RT

RT

1 week

1 week

2 week

1

55.5

48.0

65.8

52.6

67.5

73.5

80.0

92.0

118.2

103.5

2

52.0

40.4

82.0

58.7

63.9

69.7

74.1

87.0

104

98.5

2 week 3 week 3 week 4 week 4 week

To further investigate whether poly(AMPS-co-AA) chains were covalently grafted,
or physically adsorbed onto the nanoparticle surfaces, aggressive dilution tests were
performed. The IONP dispersion was diluted 20,000 times in DI water and allowed to sit
overnight. After dilution, the sample was still stable at 120oC in API brine with no
appreciable change in diameter (Table 6.4). In an extremely diluted solution, the polymer
chains would likely be forced to desorb from the nanoparticle surface if they were only
physically adsorbed. Thus, the observed stability of IONPs after extreme dilution supports
covalent grafting of polymer chains onto the IONPs. Direct proof of amide bonding
between polymer chains and the nanoparticle surface is difficult to detect due to the
existence of large number of amide bonds in the side chains of poly(AMPS-co-AA). As a
control experiment, poly(acrylic acid) homopolymer was attached to the nanoparticle
surface using the same EDC reaction, and amide bond formation was detected by FTIR. 23
Therefore, it is reasonable to conclude that poly(AMPS-co-AA) was covalently grafted
onto nanoparticle surface in our case. Furthermore, the fact that these nanoparticle clusters
were able to remain stable under high temperature and high salinity for a long period of
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time suggests that even if the long chain polymers are grafted at more than one point per
chain, multi-point grafting is still robust enough to survive the harsh environment.
Table 6.4: Hydrodynamic diameter of IONPs before and after dilution test in API Brine
Sample
#

Hydrodynamic Diameter (nm)

1

Before Dilution (in API Brine)
52.5

After Dilution (in API Brine)
58.6

2

61.6

68.3

3

46.8

53.2

6.2.3 Batch adsorption of poly(AMPS-co-AA) grafted IONPs on model silica
In order to evaluate the degree of interaction between our polymer coated IONPs
with subsurface reservoir media with charged surfaces, batch adsorption tests were
designed and conducted with 8 μm model colloidal silica at room temperature and pH 8 in
standard API brine. As shown in Figure 6.6, the color of silica remained very light
compared to the solution, which is a qualitative indication of low adsorption levels,
considering that magnetite is a very strong inorganic pigment. More quantitatively, the
specific adsorption of IONPs onto silica was negligible for all IONPs concentrations tested
as shown in Table 6.5. In lab scale adsorption tests, we have improved the adsorption level
by two orders of magnitude from previous batches of IONPs listed in Table 6.2.
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Figure 6.6: Batch silica adsorption test of poly(AMPS-co-AA)-grafted IONPs in API
brine at pH 8.0 and ambient temperature.

Table 6.5: Batch silica adsorption results for IONPs in API brine at pH 8.0 and ambient
temperature
Starting IONP
Wt. (%)

% IONP Adsorbed

0.100

<0.01

Mass IONP Adsorbed / Surface Area
2
(mg/m )
<0.01

0.050
0.029
0.016

<0.01
<0.01
<0.01

<0.01
<0.01
<0.01

The low adsorption of the nanoparticles on the mineral surfaces is a result of the
strong steric repulsion as a consequence of the extension of the polyelectrolyte chains from
the surface even in the high salinity brine. It was shown that poly(AMPS-co-AA) grafted
nanoparticles retain about half of their electrophoretic mobility even with 380 mM Na+ and
50 mM Ca2+, suggesting the Ca2+ did not bind all the sulfonate groups even at high ionic
strength.23 Furthermore, the hydrodynamic diameter of pure polymer electrolyte (tested by
DLS) remained ~10nm in either DI water or API brine at both 25 and 90 oC, indicating
113

little chain collapsed Thus, the polymer chains provided a significant degree of electrostatic
as well as steric repulsion.
6.2.4 Transport properties of polymer grafted IONPs by dynamic column
experiments through unconsolidated porous media
To investigate the mobility of IONPs through porous media in the presence of API
brine, a series of column studies were conducted by our collaborators from Dr. Kurt Pennell
group at Tufts University using IONPs in crushed Berea sandstone as summarized in
Figure 6.7 and Table 6.6. Crushed Berea sandstone is a more retentive media due to
presence of liberated clay fines and is thus considered to be a greater challenge than the
silica microspheres during batch adsorption tests (e.g., like those in the previous section)
or intact rock core experiments. Compared with our earlier batches tested under the same
flowrate and substrate conditions, the current particles exhibited lower retention by 2 orders
of magnitude.34 In Figure 6.7 and Table 6.6, the crushed Berea sandstone column study
results of the particles made with 3 different methods are compared. The transport mobility
of the particles is indicated by retention. Our results reveal that the retention can be greatly
reduced by a decreased cluster size and a higher polyelectrolyte coating content. However,
it is likely that the latter has a bigger impact, as is indicated by the comparison of Batch 1
and Batch 2 where the polymer content in Batch 2 is 2.6 times higher than Batch 1 with
only slightly different cluster size. As was mentioned earlier, without the silica coating
step, the amine density in Batch 1 is 2.5 times lower than that in Batch 2, providing much
fewer grafting sites for the subsequent polymer attachment. The current batch made via the
4-step coating procedure yielded a great enhancement in the IONP transport mobility in
API brine, as is showed by 0.018 mg/m2 retention in crushed Berea sandstone. Polymers
and surfactants have been employed widely in petroleum industries to modify flow
viscosity and enhance oil recovery.26 In order to further improve the mobility of our
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polymer coated IONPs, the flow test with our latest batch was also performed by preflooding the column with hydroxyethyl cellulose (HEC-10) polymer solution prior to
injection of the polymer grafted IONPs (Table 6.6). This pre-flood further reduced the
retention to 0.007 mg/m2, and enhanced the total mass breakthrough to 84% from 56%
when HEC-10 was not used. The improvement was attributed to the effect of HEC-10
acting as a sacrificial polymer by blocking adsorption sites on the surface of crushed Berea
sandstone.26
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Figure 6.7: Mobility of different batches of poly(AMPS-co-AA)-grafted IONPs in
columns packed with crushed Berea sandstone (60-170 mesh, unwashed).
Mobile phase is API brine at room temperature (23±1oC) and pH 7. Data is
plotted as concentration exiting the column relative to the injected
concentration as a function of how much mobile phase has gone through the
column. Injection occurs at ‘0’ pore volumes. (a) Current batch synthesized
via 4-step procedure. Input concentration 1,000 mg Fe3O4/L. (b) Previous
Batch 1 and Batch 2. Input concentration 2,500 mg Fe3O4/L.
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Table 6.6: Dynamic column experimental results of poly(AMPS-co-AA) grafted IONPs
in unconsolidated porous crushed Berea sandstone media

IONP batch

DLS
diameter
(nm)

Polyelectrolyte
content
(wt%)

C0 IONP
(mg
Fe3O4/L)

HEC-10
pre-flood
(mg/L)

Retention
(mg/m2)

Batch 1

165

9

2500

0

0.18

Batch 2

156

23

2500

0

0.05

32

1000

0

0.018

32

1000

1000

0.007

Current Batch
Current Batch
with HEC-10
pre-flood

52

Media = Crushed Berea Sandstone (60-170 mesh, unwashed), Specific surface area = 22.54 m2/g. Injection
rate = 1.78 mL/min, pore-water velocity = 13 m/day. Mobile phase is API brine at room temperature.

6.3 CONCLUSIONS
Water dispersible IONPs were synthesized through the thermal decomposition
method in TEG then successfully grafted with poly(AMPS-co-AA) for enhanced colloidal
stability and transport properties. A uniform and enhanced polymer grafting density was
achieved by optimizing the surface modification of bare IONPs by first forming a silica
shell on the particles then using EDC catalyzed amidation between APTES attached to the
silica shell and polymer chains. The improved grafting procedures provided a larger
polyelectrolyte content of 32 wt% on the final particles, 3.5 times higher than the previous
EDC grafting approach (without silica shell) and 1.4 times higher than the previous thermal
grafting approach. The polymer grafted IONPS were colloidally stable with a
hydrodynamic diameter smaller than 100 nm for a month in oil reservoir-mimicking
conditions, i.e. 120 °C in standard API brine.
Regarding interaction with mineral media present in an oil reservoir, the polymer
grafted IONPs exhibited negligible adsorption on model silica in our lab scale batch tests.
117

The behavior is attributed to efficient covalent grafting of poly (AMPS-co-AA) chains on
the nanoparticle surfaces which provided electrosteric stabilization between the
nanoparticles and weakened interactions of the nanoparticles with anionic silica. This
behavior was enabled by the low affinity of Ca2+ to the highly acidic AMPS monomers
thus enabling strong solvation of the grafted polymer in API brine. In dynamic flow tests
through crushed Berea sandstone, polymer grafted IONPs exhibited reduced retention of
0.018 mg/m2 with a total mass breakthrough of 56%. The mobility can be further enhanced
by using a pre-flooded sacrificial polymer HEC-10 (0.1 %v/v) to achieve a lower retention
of 0.007 mg/m2 with a higher mass breakthrough of 84%. Overall, by optimizing the
surface modification of bare IONPs and successful grafting of stable polyelectrolytes, we
have obtained IONPs with smaller cluster size and a higher polymer content on the surface,
resulting in significant improvement in transport mobility in conditions resembling
underground oil reservoirs.
6.4 EXPERIMENTAL
6.4.1 Materials
Iron (II) acetate (Fe(C2H3O2)2; MW=173.93), and triethylene glycol (C6H14O4;
MW= 150.17) were purchased from Fisher Scientific, USA, and used without further
purification. Tetraethyl orthosilicate (TEOS), 3-amniopropyl triethoxy silane (APTES),
glacial

acetic

acid,

N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide

hydrochloride(crystalline) (EDC), N-hydroxysuccinimide (98%) (NHS), calcium chloride
dihydrate, sodium chloride, hydrochloric acid, sodium hydroxide, acrylic acid, potassium
persulfate, and sodium metabisulfite were obtained from Sigma-Aldrich (St. Louis, MO)
and Fisher Scientific (Pittsburgh, PA) and used as received. The monomer 2-amino-2methylpropanesulfonate (AMPS) was a gift from Lubrizol corporation and used as
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received. Uniform 8 nm silica microspheres with the trade name Angstrom Sphere
Monodispersed Silica Powder (Catalog #SIO2P800-01-1KG) were purchased from Fiber
Optic Inc. (New Bedford, MA), and were washed at least five times with pH 9 water and
dried at 80 °C before use.
6.4.2 Synthesis of poly(AMPS3-co-AA1)
Synthesis of poly(AMPS3-co-AA1). A three-necked round-bottom flask equipped
with a magnetic stir bar, a nitrogen inlet and a reflux condenser was charged with 30.9 g
(0.135 mol) of AMPS monomer, 4.86 g (0.018 mol) of potassium persulfate and 3.42 g
(0.018 mol) of sodium metabisulfite under an atmosphere of argon. The flask was sealed
with a rubber septum and 180 mL of deionized water that was previously degassed by
bubbling with argon for 30 min was added via a cannula to the reaction flask. With stirring,
3.0 mL (0.044 mol) of acrylic acid was added to the reaction flask via an argon-purged
syringe. The total monomer concentration at the start of the reaction was 1.0 M. The flask
was placed in an 80 °C oil bath and stirred at that temperature under argon for 16 h. The
reaction mixture was then cooled to room temperature then transferred into Fisherbrand
regenerated cellulose dialysis tubing (Norminal MWCO=3,500). The dialysis was carried
out in DI water bath for 3 days. Fresh DI water was changed every 24 hours. The final
solution was dried under reduced pressure to remove water and the final result was in the
form of white powder. Aqueous GPC was used to determine molecular weight and
polydispersity index. 1H NMR was used to determine the ratio of the two monomer units.
6.4.3 Amine functionalization of silica coated IONPs
Aqueous APTES coating was employed to introduce amine groups on the surface
of TEOS coated IONPs (refer to Chapter 4) following our earlier procedure.25 Briefly, 25
mL APTES was mixed with 250 mL 5 wt. % acetic acid solution and allowed to
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oligomerize for 20 min under acid hydrolysis. The pH was raised to 8 with 1N NaOH and
then silica coated IONPs were added. The reaction concentration was 5 mg IO/mL.
After 12 h heating at 65 °C in a water bath, the reaction mixture was cooled to room
temperature and the pH was adjusted to 5.0 with 1N HCl. The sample was bath sonicated
for 30 minutes and then purified by using a TFF composed of 30 KDa MWCO PES hollow
fibers in diafiltration mode.
6.4.4 Polymer grafting of amine functionalized IONPs
The amine functionalized IONPs were grafted with poly(AMPS-co-AA) by using
a modified approach from our previously published procedure.34 The polymer,
poly(AMPS-co-AA), was first dissolved in DI water to make a 10% solution and the pH
was adjusted to 5.0 using 2.5 N NaOH. The concentration of APTES functionalized IONPs
to be grafted was maintained close to 5 mg/mL and were bath sonicated in an ice-bath for
at least 30 minutes prior to grafting reaction. In a typical synthesis, 1 mL of 10 wt. %
poly(AMPS-co-AA) was taken in a 5 mL glass vial and placed in a bath sonicator. To the
polymer solution, 2 mL of APTES functionalized IONPs were added dropwise over a
period of 2 minutes under constant sonication. To this reaction mixture, 27.63 mg (0.14
mmol) of EDC (AA:EDC =1:1 molar ratio) was added and the pH was adjusted to 5.7.
After 15 minutes of sonication, 0.5 mL of 20% NaCl (such that the final NaCl concentration
in solution is 3 wt. %) was added to lower the electrostatic repulsion between the polymer
chains to facilitate grafting. The bath sonication was continued for another 90 minutes
after which the reaction vial was transferred to a stir plate and continued stirring for
overnight at room temperature. The reaction was scaled up accordingly for synthesis of
polymer grafted IONPs while keeping the ratios of polymer to IONPs and EDC the same.
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The polymer grafted IONPs at large scale were purified using TFF composed of 300 KDa
MWCO PES hollow fibers in diafiltration mode followed by concentration.
6.4.5 Characterization
6.4.5.1 IO concentration measurements
The IO concentration was determined by FAAS.

At least 100 µL of IONP

dispersion was digested in 12 M HCl overnight; the volume ratio of HCl:IONP was 9:1.
After digestion the digested samples were then diluted with 1% HNO3 to a concentration
between 1 and 5 ppm of Fe. Particles that were coated with silica or polymer were filtered
through a 20 nm syringe filter (Whatman ANOTOP 25). The FAAS was calibrated with
ferric nitrate nonahydrate solutions in 1% nitric acid at concentrations from 1 to 5 ppm of
Fe. The calibration was repeated every 10 samples. The concentration of the original
suspension was calculated in terms of mg/mL Fe3O4 based upon the Fe content
measurements.
6.4.5.2 Dynamic light scattering (DLS)
Hydrodynamic sizes (DH) of aqueous dispersions of the as-prepared iron oxide
clusters were measured in DI water and API brine with a Brookhaven ZetaPALS
instrument with the ZetaPlus option at a 90o scattering angle. The collected autocorrelation function curves were fit with the CONTIN routine to give volume-averaged
size distributions. All measurements were made over a period of 2 min and at least three
measurements were performed on each sample. The concentration of IONPs for DLS
samples were adjusted to obtain a count rate of ~500 kcps. The hydrodynamic diameter
reported here is the peak value of the main peak that accounts for >70% of cluster volume.

121

6.4.5.3 Zeta potential measurements
Electrophoretic mobility of different types of clusters was measured with a
Brookhaven Zeta PALS instrument at a 15o scattering angle at room temperature in 10 mM
KCl solution (Debye length = 3 nm). 10 measurements with 30 electrode cycles for each
run were performed and data were averaged. Zeta potential was obtained from the
electrophoretic mobility using the Smoluchowski model.
6.4.5.4 Conductometric amine titration
The amount of surface amines was determined by conductometric titration,
following an earlier report.38 200 µL of amine coated IONPs were diluted in 50 mL of DI
water and the pH adjusted to 10 with 1N NaOH. The conductivity and pH of the
suspension was measured as it was titrated with 0.01N HCl. The amine content was
calculated from the HCl volume used in the intermediate region of the titration curve.
6.4.5.5 Gel permeation chromatography (GPC)
GPC was used to obtain the polymer molecular weights and polydispersity indicies,
using an Agilent 1100 series GPC (Agilent Technologies, USA) equipped with Wyatt-864TS Light Scattering Detector, Wyatt-1015-TREX Refractive Index Detector, and GPC
columns of Jordi Sulfonated Plus 500Å (250 mm x 10mm) and Mixed Bed (250 mm x
10mm) in series. Bovine albumin serum (BSA) was used as calibration standard. The GPC
eluent is a mixture of acetonitrile and water (1:3 by volume) with addition of 0.1M sodium
acetate to reduce ionic interactions between the samples and columns. A dn/dc of 0.1021
(mL/g) in this eluent was determined experimentally by plotting the integrated refractive
index signal for the poly(AMPS-co-AA) copolymer peak for various sample
concentrations and extracting the slope. The dn/dc value was used to molecular weight
calculation of the poly(AMPS-co-AA). The flowrate was 1.0 mL/min.
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6.4.5.6 Thermogravimetric analysis (TGA)
TGA was used to measure the organic content of the IONPs after APTES
functionalization and poly(AMPS-co-AA) grafting. All measurements were conducted
using a Mettler-Toledo TGA/SDTA851e instrument under N2 at a heating rate of 10 °C/min
from 25 to 900 °C. The percentage loss of weight was reported as the mass fraction of
organic coating on the iron oxide.
6.4.5.7 Transmission electron microscopy (TEM)
TEM images were obtained on a FEI TECNAI Spirit Bio Twin operated at 80kV.
A dilute aqueous dispersion of the IONPs was deposited onto a 400 mesh Formvar-coated
copper TEM grid, and allowed to dry at room temperature overnight prior to imaging.
6.4.6 Dilution test
Polymer grafting was tested by an extreme dilution test, similar to one reported
previously. If the polymer was not grafted, it would desorb from the particles upon dilution,
resulting in particle aggregation. 150 µL of sample were diluted in 15 mL of DI water and
concentrated through a 300 kDa centrifugal filter. The resulting 150 µL IONPs were
collected again and diluted in 15 mL of DI water once more; the polymer was allowed to
desorb overnight, and then the sample was filtered again.
6.4.7 Batch adsorption test of poly(AMPS-co-AA)-grafted IONPs on silica
microsphere
Adsorption of IONPs on 8 μm silica microspheres was measured in batch reactors
as described in previous studies.23 The silica drying process was conducted at low
temperature (below 200 °C) to avoid dehydroxylation of the silica surface. The
concentration of the poly(AMPS-co-AA)-grafted IONPs was adjusted to 0.06 to 1 mg/mL
in API brine. For silica adsorption, 2.5 mL of the IONPs dispersions was added to 1 g of
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the silica microspheres in a 1 dram screw-cap glass vial corresponding to 2.5 g of
dispersion/g of rock. The glass vials were then sealed with Teflon tape and agitated
horizontally overnight at room temperature on a LW Scientific Model 2100A Lab Rotator
at 220 rpm. The mixture was then stood upright and left unperturbed for 24 h to allow the
adsorbents to fully sediment, and the supernatant was analyzed by UV-Vis.
6.4.8 Column studies with unconsolidated porous media experiments
Column experiments were performed using a syringe pump (model 22, Harvard
Apparatus, Inc., Holliston, MA), a borosilicate glass column (10 cm length × 2.5 cm i.d.;
Kontes, Vineland, NJ) and a fraction collector (CF-1, Spectrum Chromatography, Houston,
TX). Briefly, unwashed crushed Berea sandstone of 60-170 mesh (Specific surface area =
22.54 m2/g) was packed into the column in 1 cm increments. Immediately after packing,
the column was purged with CO2 gas for 20 min, followed by the injection of 10 pore
volumes (PVs) of background solution (API brine) in an up-flow direction to completely
saturate the column media. A nonreactive tracer test (2.0 M NaBr in DI water) was
performed after complete saturation to assess water flow and hydrodynamic dispersion.
Following the tracer test, approximately 4 PVs of a poly(AMPS-co-AA) grafted IONPs
suspension (1000 mg/L as Fe3O4 in API brine) was adjusted to pH 7 with 1.0 M NaOH and
was injected into the column at a flow rate of 1.78 mL/min, which corresponds to a porewater (seepage) velocity of approximately 12 m/day. The IONP injection was followed by
4 PVs of nanoparticle-free background solution (API brine) at the same flow rate.
Quantification of influent and effluent IONPs concentrations was performed using a
UV−vis spectrophotometer (UV-1800, Shimadzu Scientific Instruments, Columbia, MD)
operated at 600 nm. Accuracy of the UV method was confirmed through analysis of nine
duplicate samples that were prepared using a Discover SP-D microwave digester (CEM
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Corporation, Matthews, NC) with concentrated nitric acid, followed by quantification of
total iron using an Optima 7300 DV inductively coupled plasma-optical emission
spectrometer (ICP-OES, Perkin Elmer, Waltham, MA). X-ray diffraction (XRD) analysis
of Ottawa sand indicated a silica content of >99%.39 XRD analysis of the Berea sandstone
indicated a quartz content ranging from 83-88% and clay content ranging from 5-7%,
including illite, chlorite, and kaolinite.
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Chapter 7. Future Work for Polymer Grafted Magnetic Nanoparticles
In Chapters 4-6, the synthesis of highly magnetic iron oxide nanoparticles (IONPs)
and a robust coating procedure was demonstrated to make them suitable for applications in
gas and oil reservoirs. Three topics that could be further expanded upon include magnetic
core synthesis, colloidal properties and polymer grafting methods. Here I will address these
three areas as future work for this project.
7.1 STUDY OF MAGNETIC PROPERTIES
Magnetic susceptibility of synthesized IONPs is discussed in Chapters 4 and 5. A
subsequent study should be carried out to understand how the susceptibility changes with
temperature, as oil reservoirs are often at elevated temperatures.1 As is indicated by the
Langevin equation, magnetic susceptibility () is inversely proportional to temperature.
Ɵμ0 πM𝑑2 D𝑝3
dM
=( )
=
dH H→0
18𝑘B T
where µ0 is the magnetic permeability in vacuum, Md is the bulk (solid) saturation
magnetization, Dp is the magnetic diameter of the particle, Ɵ is the particle volume fraction,
𝑘B is Boltzmann constant, and T is the absolute temperature. For example, at 120 °C (393
K),  is expected to drop by ~1.3 times compared to the value at room temperature (298
K). Furthermore, when colloidal IONPs are dispersed in solution and form clusters, the
susceptibility-temperature relationship may deviate or be more complicated than that
expressed by the Langevin equation. The actual relationship should be carefully examined
by vibrating sample magnetometer (VSM) at various temperatures to include factors such
as changes in cluster size, surface coating morphologies, and potential changes in oxidation
state incurred by temperature change and other environmental factors such as pH, pressure,
etc.
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Another important parameter for magnetic susceptibility is the cluster size of the
IONP dispersion. As the previous studies have showed, the magnetic interactions among
crystallites within a colloidal nanocrystal cluster can lead to a non-linear increase in
magnetization for the cluster.2 The situation can be further convoluted by the density of
surface grafting material and/or the interaction between the IONPs and the coating
material. Given the complexity of the variety of parameters that could affect the
susceptibility, it may not be feasible to draw a quantitative trend for IONP dispersion in
general, but case-specific measurements can be done to characterize the cluster size
dependence of susceptibility for our synthesized IONPs in aqueous solution.
With regard to the downhole application of colloidal IONPs as a contrast agent for
electromagnetic imaging, it would be helpful to perform more detailed simulation studies
to guide experimental performance targets on the application side. For example, it would
be helpful to further illuminate the threshold susceptibility for a specific gas and oil
reservoir at a given temperature, pressure, distance, transmitter frequency and flow
conditions, etc. Such a model could also help define the variability in threshold
susceptibility from reservoir to reservoir.
7.2 SURFACE COATING OF IONPS
Due to the non-toxic nature of iron oxide, superparamagnetic magnetite
nanoparticles with high susceptibility are also good candidates for various biosensor and
biomedical applications.3–6 The work in Chapter 4 describes a fairly simple preparation
method of magnetite nanoparticles with ultra-high magnetic sensitivity at room
temperature. Furthermore, these IONPs are easily coated by a variety of materials, in
addition to the silica coating demonstrated in Chapter 4, depending on the end-use of the
material. Due to the strong tendency of iron oxide particle surfaces to form coordination
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bonds, the surface properties of the IONP colloids can be adjusted by ligands or polymers
in order to tune the solvation state, or to form core-shell structures with chemically reactive
surfaces.7–9

Figure 7.1: TEM images of IONPs with 2-3 nm thick polydopamine coating.
As is shown in Figure 7.1, we have successfully coated a thin polydopamine
surface layer onto IONPs synthesized by thermal decomposition of iron acetate (as
described in Chapter 4). The coating process was performed in an aqueous phase with a
concentration of 1 mg/mL Fe3O4 and 2 mg/mL of dopamine hydrochloride. The coating
process was conducted at pH 8.5 for one hour with vigorous stirring. This preliminary
result is just one example of many possible surface modifications that can be assembled
onto the abovementioned highly magnetic core material, rendering the particles stable in
solutions. In particular, a polydopamine coating is useful in biomedical applications, where
the surface functionality aids in dispersion with other biological matter, and the high
magnetic susceptibility of these particles is ideal for low field strength and low
concentrations (which are often desirable for sensing in living subjects).
131

7.3 POLYMER GRAFTING OF IONPS
In Chapter 6, we described the process of grafting a random copolymer of
poly(acrylic acid-co-2-acrylamido-2-methylpropanesulfonate) (poly(AA-co-AMPS)) onto
the surface of amine-functionalized IONPs. More specifically, amide bonds were formed
between the AA group, distributed on the polymer chain, and the amine group anchored on
the IONP surface. However, due to the random distribution of the AA groups on the
polymer chain, it is impossible to accurately target a singular grafting site. After the
grafting reaction, there remains an excess amount of unreacted AA groups on the surface
of the nanoparticles, which are known to interact with various ionic media surfaces present
in the oil reservoir environment, which could lead to a loss of nanoparticle mobility.10,11
To further improve the transport properties of the IONPs in a high salinity reservoir
environment, more precise control of the surface functional groups on the IONPs should
be targeted. Research efforts should be focused on the synthesis of a polyelectrolyte with
controlled molecular weight and monomer composition. The composition and the location
of different monomer units on the copolymer chain could have a significant impact on the
solvation and morphology of copolymer chains in solution.12 Therefore, instead of using a
random copolymer of poly(AA-co-AMPS), for the ‘graft-to’ approach, a block copolymer
of poly(AA-b-AMPS) could be synthesized via reversible addition-fragmentation chain
transfer (RAFT) polymerization where a small portion of the repeat units are AA and the
rest of the chain is composed of AMPS monomer. The minimum amount of AA required
for grafting can be calculated and incorporated in order to achieve multi-point grafting, but
a larger percentage of highly solvated AMPS block extending into the high salinity aqueous
phase and providing electrosteric stabilization. The molecular weight of the polymer chains
as well as the specific parameters in the grafting procedure can be also optimized for ideal
grafting density.
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Appendix

APPENDIX A: WATER DISPERSIBLE MAGNETITE NANOPARTICLES WITH ULTRA-HIGH
MAGNETIC SUSCEPTIBILITY FOR LOW FIELD APPLICATIONS

A.1 CHARACTERIZATION RESULTS OF SYNTHESIZED IONPS
Table A.1: Summary of different precursor-to-TEG ratios and the measured properties of
IONPs
S
a
m
pl
e

Calculated
Molar
DLS
ratio
size
[Fe(Ac)2
(nm)
]:[TEG]

TEM
size
(nm)

Magnetic
Diameter
(nm)

Concentration of
Fe3O4
(mg/mL)

Vol. %

Measured
susceptibi
lity
on VSM
(SI)

2 vol.%
suscept
ibility
(SI)

Saturat
ion
magnet
ization
(emu/g
Fe3O4)

Surface
coating

1

1:11

34

15.8±
1.5

17.5

25.1

0.48

0.813

3.41

92.0

Silica

2

1:22

57

10.8±
1.6

7.3

11.47

0.22

0.112

1.03

58.7

Silica

3

1:33

54

10.8±
1.6

8.4

9.60

0.18

0.0225

0.25

46.4

Silica
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Figure A.1: Primary IONPs with different precursor ratios (a) 11 (b) 22 and (c) 33.
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Figure A.2: Primary particle sizes of samples in Table 4.4.

A.2 CALCULATION OF MAGNETIC DIAMETERS OF THE SYNTHESIZED IO NPS
The magnetic diameters of clusters #1-4 were calculated based on Chantrell et al.1
A log-normal size distribution and Langevin function for non-interacting particles were
assumed.
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If the particles are monodisperse, the magnetic behavior is described by the
Langevin function
𝐿(𝛼) = coth 𝛼 − 1/𝛼
where
𝛼 = μ𝐻/𝑘𝐵 𝑇.
For polydisperse particles, the magnetization is given by the sum of the
contributions from each particle diameter and weighted by the particle size distribution
function

∞

𝑀 = 𝑀𝑝 ∫ 𝐿(𝛼)𝑓(𝑦) 𝑑𝑦
0

At low field, the Langevin function may be written as
𝐿(𝛼) = 𝑀𝑑 𝑉𝐻/𝑘𝐵 𝑇
Hence the magnetization becomes
𝑀𝑝 𝑀𝑑 𝐻 ∞
𝑀 =
∫ 𝑉𝑓(𝑦) 𝑑𝑦
3𝑘𝐵 𝑇 0
where V is the particle volume

and consequently
𝑀 =

𝜋𝐷𝑝3 𝑦 3
𝑉=
6

𝜖𝑀𝑑2 𝐻𝜋𝐷𝑝3 ∞ 3
∫ 𝑦 𝑓(𝑦) 𝑑𝑦 .
18𝑘𝐵 𝑇 0

The magnetic susceptibility is given by
𝜖𝑀𝑑2 𝜋𝐷𝑝3 ∞ 3
𝑑𝑀
𝜒𝑖 = ( )
=
∫ 𝑦 𝑓(𝑦) 𝑑𝑦.
𝑑𝐻 𝐻→∞
18𝑘𝐵 𝑇 0
At high field, the Langevin function may be written as
1
6𝑘𝐵 𝑇
𝐿(𝛼) = 1 −
= 1−
𝛼
𝑀𝑑 𝐻𝜋𝐷𝑝3 𝑦 3
Thus,
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∞

𝑀 = 𝑀𝑝 ∫ (1 −
0

∞
6𝑘𝐵 𝑇
)
∫
𝑦 −3 𝑓(𝑦) 𝑑𝑦.
𝑀𝑑 𝐻𝜋𝐷𝑝3 0

6𝑘𝐵 𝑇
) 𝑓(𝑦) 𝑑𝑦 = (1 −
𝑀𝑑 𝐻𝜋𝐷𝑝3 𝑦 3

Since the distribution function follows the normalization condition
∞

∫ 𝑓(𝑦)𝑑𝑦 = 1
0

the relationship between Md and H’ is given by
6𝑘𝐵 𝑇𝐻′ ∞ −3
1=
∫ 𝑦 𝑓(𝑦) 𝑑𝑦
𝑀𝑑 𝐻𝜋𝐷𝑝3 0
The log-normal size distribution is given by
(ln 𝑦)2
1
𝑓(𝑦) =
𝑒𝑥𝑝 (−
)
2𝜎 2
𝑦𝜎√2𝜋
For this distribution, the integrals in the magnetic susceptibility χi and Md versus H’
relationship can be written as
∞

∫ 𝑦 𝑛 𝑓(𝑦) 𝑑𝑦 = ∫
0

∞

0

With the definition
𝑧=

𝑦𝑛
𝑦𝜎√2𝜋

𝑒𝑥𝑝 (−

(ln 𝑦)2
) 𝑑𝑦
2𝜎 2

ln 𝑦
− 𝑛𝜎
𝜎

∞

and substitution into ∫0 𝑦 𝑛 𝑓(𝑦) 𝑑𝑦, the result is
∞
∞
𝑛2 𝜎 2
1
𝑧2
𝑛2 𝜎 2
𝑛
∫ 𝑦 𝑓(𝑦) 𝑑𝑦 = 𝑒𝑥𝑝 (
)∫
𝑒𝑥𝑝 (− ) 𝑑𝑧 = 𝑒𝑥𝑝 (
)
2
2
2
0
0 √2𝜋
Substitution of this integral into the above relationship for magnetic susceptibility
χi and into the Md versus H’ relationship gives the final result:
1/2 1/3
18𝑘𝐵 𝑇
𝜒𝑖
𝐷𝑝 = (
[
] )
𝜋𝑀𝑑 3𝜖𝑀𝑑 𝐻 ′
1/2

1
3𝜒𝑖 𝐻 ′
𝜎=
(ln (
))
3
𝜖𝑀𝑑

Nomenclature
σ: standard deviation
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µ: magnetic moment of a particle, given by 𝜇 = 𝑀𝑑 𝑉
χi: initial magnetic susceptibility on a volume basis
ϵ: volume fraction of particles
D: particle diameter
Dp: median diameter of particles
f(y): particle size distribution function, where y is the reduced diameter, given by
𝑦 = 𝐷/𝐷𝑝
H: magnetic field strength
H’: the M = 0 intercept of a graph of M versus 1/H at high applied fields
kB: Boltzmann constant
M: magnetization
Md: saturation magnetization of the bulk on a volume basis
Mp: saturation magnetization of the magnetic fluids, i.e. the intercept at 1/H = 0 of
a plot of M versus 1/H
T: temperature on a Kelvin scale
V: particle volume
A.3 REFERENCES
(1) Chantrell, R. W.; Popplewell, J.; Charles, S. W. IEEE Trans. Magn. 1978, 14, 975-977.
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