
lable at ScienceDirect

Polymer 51 (2010) 482–491
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
The design of well-defined PDMS–Magnetite complexes

W.C. Miles a,c, J.D. Goff b,c, P.P. Huffstetler b,c, O.T. Mefford b,c, J.S. Riffle b,c, R.M. Davis a,c,*

a Department of Chemical Engineering, Virginia Tech, Blacksburg, VA 24061, USA
b Department of Chemistry, Virginia Tech, Blacksburg, VA 24061, USA
c The Macromolecules and Interfaces Institute, Virginia Tech, Blacksburg, VA 24061, USA
a r t i c l e i n f o

Article history:
Received 25 June 2009
Received in revised form
7 November 2009
Accepted 13 November 2009
Available online 2 December 2009

Keywords:
Magnetite
Polydimethylsiloxane brush
Particle size distribution
* Corresponding author. Virginia Tech, Department
Randolph Hall, Blacksburg, VA 24061, USA. Tel.: þ5
5022.

E-mail address: rmdavis@vt.edu (R.M. Davis).

0032-3861/$ – see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.polymer.2009.11.022
a b s t r a c t

Magnetic nanoparticles have numerous applications, particularly in biological systems for drug delivery,
cell targeting, and as MRI contrast agents. This paper addresses the synthesis and characterization of
well-defined magnetite nanoparticles coated with tricarboxylate-functional polydimethylsiloxane
(PDMS) oligomers of varying molecular weight. Two methods – co-precipitation of iron chlorides and
high-temperature reduction of iron(III) acetylacetonate – were used to synthesize the magnetite nano-
particles and compared. Through implementation of a polymer brush model, it was determined that the
co-precipitation synthesis method required multiple magnetic separations and significant material loss
to produce a well-defined particle distribution. Conversely, the high-temperature synthesis method
showed a well-defined particle distribution without any magnetic separation. Through adjustment of
critical design parameters such as polymer loading and molecular weight, the diameters of the
complexes were predicted to within seven percent of experimental values. This demonstrates a tool for
the design of sterically-stabilized single–particle complexes with a specifically tailored particle size.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetite nanoparticles have many uses in biomaterials due to
their resistance to oxidation and their low cytotoxicities [1,2]. Some
of these biological applications include uses in cellular therapy,
cellular targeting, tissue repair, drug delivery, magnetic resonance
imaging (MRI), and hyperthermia [3–14]. Biocompatible macro-
molecules can be adsorbed on the magnetite surface, which allows
specific functionality to be built into the polymer–magnetite
complexes, such as targeting and imaging agents [1,2,15–19].

Synthesis of magnetic particles can be achieved through various
methods, including wet grinding, co-precipitation, microemulsion
and inverse microemulsion methods, thermolysis of organometallic
compounds, and reduction of metal salts in aqueous solution [20].
The particles must then either be coated with a surfactant to provide
steric stability or have their surface modified to produce a repulsive
electrostatic force to prevent aggregation [20–22]. One approach has
been to attach soluble non-ionic polymers to a magnetite surface to
form a polymer brush. The steric repulsion provided by both the
enthalpic and entropic energies arising from confinement of the
of Chemical Engineering, 133
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chains upon the approach of two particles significantly increases
colloidal stability [23]. Various polymer stabilizers have been used in
conjunction with magnetite, including poly(vinyl pyrrolidone),
dextran, polydimethylsiloxane, poly(ethylene oxide), and poly
(propylene oxide-b-ethylene oxide) diblock copolymers [2,14,24–
29]. Through adjustment of polymer loading and molecular weight,
extension of the brush can be controlled to produce a stable
dispersion [30].

Much of the research currently focused on nanoparticle
dispersions for biological applications uses an approach that
focuses on efficacy of commercial materials or particle systems that
show some degree of aggregation in solution [31–37]. Emerging
biomedical applications will require precise control of the size and
breadth of the nanoparticle distribution both for determination of
biodistribution after administration as well as dose control. Addi-
tionally, to our knowledge, no general methodology exists to design
polymer–nanoparticle complexes with control of particle sizes
within a few nanometers.

Therefore, the focus of our work has been to develop a meth-
odology to allow for the precise design of polymer–nanoparticle
complexes. Magnetite nanoparticles stabilized by various mole-
cular weight PDMS stabilizers were used in this study. Two methods
were used to synthesize the polymer–magnetite complexes and the
materials were compared. The first method, co-precipitation of iron
chloride salts with base, required extensive magnetic separation
due to aggregation. Through application of a polymer brush model
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adapted from Vagberg et al. [38] and comparison to dynamic light
scattering (DLS) measurements, we have been able to determine
when separation is necessary and how much material must be
removed to achieve a well-defined narrow size distribution.

Due to significant material loss during the magnetic separation
steps, a different synthetic route, thermal reduction of organome-
tallic compounds, was also utilized to prepare complexes. The
brush model was also applied to this system and comparison to DLS
measurements confirmed that no magnetic separation was neces-
sary for this system. This brush model has previously been
successfully applied to polyether–magnetite complexes [30]. Thus,
it appears that the application of this polymer brush model is
applicable to significantly different polymer–nanoparticle systems.
Additionally, we now have a methodology to determine whether
a system is comprised of sterically-stabilized single particles in
suspension and to predict the size of the complex. This will allow
for design of various polymer–nanoparticle complexes for
biomedical applications.

2. Experimental

2.1. Materials

Hexamethylcyclotrisiloxane (D3, Gelest, Inc., 98%) was dried
over calcium hydride prior to use. Cyclohexane (Fischer Scientific,
HPLC grade) was stirred with concentrated sulfuric acid for 48 h,
washed with deionized water until neutral and dried over
magnesium sulfate. The cyclohexane was then stirred over calcium
hydride, fractionally distilled under vacuum, stored over sodium in
a nitrogen atmosphere, and distilled just prior to use. Tetrahydro-
furan (THF, EMD Chemicals, 99.5%) was refluxed over sodium with
benzophenone until the solution reached a deep purple, and frac-
tionally distilled just prior to use. Toluene (Burdick and Jackson,
99.9%) was used as received. 2,20-Azobisisobutyronitrile (AIBN,
98%), n-butyllithium (2.5 M solution in hexanes) and mercapto-
acetic acid (97%) were purchased from Aldrich and used as
received. Trivinylchlorosilane (Gelest Inc., 95%) and trimethyl-
chlorosilane (Gelest Inc., 99%) were used as received. Ammonium
hydroxide (VWR International) was diluted with Millipore water to
yield a 50/50 v/v solution and deoxygenated with nitrogen just
prior to use. Iron (III) chloride hexahydrate (�98%) and iron (II)
chloride tetrahydrate (99%) were obtained from Sigma–Aldrich and
were ground into fine powders and stored under nitrogen prior to
use. Iron (III) acetylacetonate (Fe(acac)3) was purchased from
Aldrich and used as received. Hydrochloric acid (EMD, 12.1 M) was
added to deionized (DI) water to yield a 3.0 M solution. DI water
was deoxygenated just prior to use. Dichloromethane was obtained
from EMD Chemicals and used as received. Iron granules (Alfa
Aesar, 1–2 mm, 99.98%) were washed repeatedly with a variety of
solvents to remove any coating on the surface and subsequently
dried overnight in a vacuum oven at 40 �C. The iron granules (6 g)
were then placed into a 3 mL syringe packed with glass wool to
obtain magnetic separation columns. NdFeB doughnut-shaped
magnets were purchased from Engineered Concepts and had an
outer diameter of 2.54 cm, an inner diameter of 1.26 cm and were
0.65 cm thick. Magnetic separation columns were prepared by
magnetizing the iron-granule-packed syringe with the doughnut-
shaped magnets.

2.2. Synthesis and functionalization of trivinylsilyl-terminated
PDMS

The synthesis of trivinyl-terminated PDMS was carried out as
described previously [39,40]. Various molecular weights were
prepared in an analogous manner with appropriate ratios of
initiator to monomer to control chain length. The living anionic
polymerizations were monitored using 1H NMR and 1H NMR
confirmed the expected chemical structure.

The PDMS oligomers were then functionalized with three
carboxylic acid groups on one terminus via a thiol-ene addition of
mercaptoacetic acid across the vinylsilane endgroups as described
previously [39,40]. 1H NMR was used to observe the quantitative
disappearance of the vinyl proton peaks (w6 ppm), indicating
completion of the thiol-ene functionalization reaction. The reac-
tion mixture was concentrated under vacuum at 60 �C, and the
product was dissolved in methanol (10 mL). DI water was added
dropwise to the solution until a white solid precipitate formed,
which was collected via vacuum filtration. This precipitation was
repeated 3�, and the recovered polymer was dried under vacuum
overnight at 80 �C.

2.3. Magnetite synthesis via co-precipitation of iron chlorides with
ammonium hydroxide

Synthesis of magnetite nanoparticles and subsequent adsorp-
tion of a representative carboxylate-functional PDMS dispersion
stabilizer onto the nanoparticle surfaces was achieved via the
following procedure. The experimental conditions describe
a method to obtain a PDMS stabilizer–magnetite complex
comprised of w30 wt% magnetite and w70 wt% PDMS as the
dispersion stabilizer. Magnetite nanoparticles were prepared using
a chemical co-precipitation of iron salts. Iron (III) chloride hexa-
hydrate (3.50 g, 0.013 mol) and iron (II) chloride tetrahydrate
(1.28 g, 0.0064 mol) were weighed into separate round-bottom
flasks, and each was dissolved in 20 mL of deoxygenated water. The
two iron salt solutions were then added to a 500 mL, three-necked,
round-bottom flask fitted with an Ultra-Turrax T25 Digital
Homogenizer, a pH electrode and a nitrogen purge. The iron salts
solution was stirred at 13,000 rpm with the homogenizer and the
ammonium hydroxide solution (w20 mL) was added via syringe
until the rapidly stirring solution turned black and reached a pH of
9–10. The PDMS dispersion stabilizer (3.5 g) was dissolved in
dichloromethane (60 mL), and this solution was added to the basic
magnetite dispersion and stirred for 30 min. Aqueous HCl (3.0 M)
was then slowly added until a slightly acidic pH was obtained
(w12 mL was required to reach pH 5–6). The heterogeneous
dispersion was stirred for 1 h, then transferred to a separatory
funnel and allowed to separate for 24 h. The dichloromethane layer
containing the PDMS–magnetite complex was collected. The
dichloromethane layer containing the PDMS–magnetite complex
was dried with magnesium sulfate, vacuum-filtered, and concen-
trated under vacuum. The recovered PDMS–magnetite nanoparticle
fluid was washed 3� with methanol (15 mL each) and dried under
vacuum overnight at 80 �C. TGA was used to determine the
composition of the PDMS–magnetite nanoparticle fluid.

2.4. Magnetite synthesis via reduction of Fe (III) acetylacetonate

Magnetite nanoparticles were synthesized using a reduction
method adapted from Pinna et al. [41] Fe (III) acetylacetonate
(2.14 g, 8.4 mmol) and benzyl alcohol (45 mL, 0.43 mol) were added
to a 250 mL, three-necked round-bottom flask equipped with
a water condenser and overhead mechanical stirrer. N2 was passed
through the solution for 1 h. While stirring under N2, the solution
was heated to 100 �C for 4 h, then the temperature was increased to
205 �C at a rate of w25 �C h�1. Following 24 h at 205 �C, the reac-
tion was cooled to room temperature, then the magnetite particles
were collected with a magnet and the benzyl alcohol was decanted.
The magnetite nanoparticles were washed 3� with acetone, then
were dispersed in chloroform (20 mL) containing oleic acid (0.3 g).



Table 1
Trivinylsilyl-terminated PDMS molecular weights and distributions.

Targeted Trivinjl-PDMS MW Mn (g mol�1) PDI

1H NMR GPC

3000 3050 3150 1.08
5000 5100 4830 1.09
7000 6900 6910 1.05
10,000 10,200 9850 1.07
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The solvent was removed under vacuum at room temperature, and
the oleic acid-stabilized magnetite nanoparticles were washed 3�
with acetone. The particles were dried under vacuum for 24 h at
25 �C. The composition of the particles obtained from thermogra-
vimetric analysis (TGA) showed 5% organic residue to 95%
magnetite.

A representative method for preparing a targeted composition
of 70:30 wt:wt of a PDMS:magnetite complex is provided. Oleic
acid-stabilized magnetite nanoparticles (25 mg) prepared as
described above were dispersed in chloroform (10 mL) and added
to a 50 mL round-bottom flask. A carboxyl-functional PDMS
(58 mg) was dissolved in chloroform (10 mL) and added to the
dispersion. The reaction mixture was sonicated in a VWR 75T
sonicator for 16 h under N2. The chloroform was removed via
evaporation, and the resulting ferrofluid was washed 3X with
methanol (15 mL each) to remove excess polymer. A magnet was
utilized to collect the magnetite nanoparticles and free PDMS was
decanted with the supernatant. The complexes were dried under
N2 at 25 �C and TGA was used to determine the composition of the
PDMS–magnetite nanoparticle fluid.
2.5. Magnetic separations of PDMS–magnetite nanoparticle fluids

Mefford et al. described the use of magnetic separation tech-
niques to remove aggregates from a 3000 g mol�1 PDMS–magnetite
complex for magnetite made via the co-precipitation method [39].
In this study, removal of the slightly-aggregated complexes from the
total sample was accomplished through repeated magnetic sepa-
rations in the same fashion. The separation columns were
comprised of iron granules tightly packed into 3 mL syringes. The
Fig. 1. 1H NMR confirms the addition of mercaptoacetic acid across vinylsilane groups o
terminated PDMS; lower spectrum is the tricarbonylate-functional PDMS.
syringes were 6.60 cm in length with an inner diameter of 1.00 cm.
The length of the iron granules in the separation columns was
approximately 2.45 cm with a diameter of 1.00 cm. Two doughnut-
shaped magnets were placed around the circumferences of the iron
granule-packed syringes to form the magnetic separation columns,
and a Hall probe was used to measure the magnetic field generated
by the separation column (w0.1 T). Great care was taken at each
step of the column formation to ensure reproducibility.

Two concentrations of the PDMS–magnetite nanoparticle fluids in
chloroform (1 mg mL�1 and 10 mg mL�1) were investigated in the
magnetic separation studies. The concentrated and dilute dispersions
of the PDMS–magnetite complexes were passed through five
magnetic separation columns. Aliquots of the PDMS–magnetite
complexes were collected after the first and fifth magnetic separa-
tions and dried under vacuum at 80 �C overnight. After each magnetic
separation of a PDMS–magnetite complex, the columns were washed
with chloroform (w20 mL) in the absence of a magnetic field to
recover the material removed from the bulk sample. The initial
material, first separation, fifth separation and column-extracted
materials were characterized by DLS, TEM, and TGA.
3. Characterization

Spectral analyses of compounds were performed using a Varian
Unity 400 NMR and a Varian Inova 400 NMR. An Alliance Waters
2690 Separations Module with a Viscotek T60A dual viscosity
detector and laser refractometer equipped with a Waters HR
0.5þHR 2þHR 3þHR 4 styragel column set was used for gel
permeation chromatography (GPC) analyses. GPC data were
collected in chloroform at 30 �C. Data were analyzed utilizing
a Universal calibration to obtain absolute molecular weights.

TGA was carried out on the tricarboxylate-functional PDMS and
PDMS-stabilized magnetite nanoparticles using a TA Instruments
TGA Q500. Samples were first held at 110 �C for 10 min to remove
any residual solvent. Samples were then equilibrated at 30 �C and
the temperature was ramped at 10 �C min�1 to 700 �C in a nitrogen
atmosphere. Char yields were recorded at the maximum temper-
ature. TGA was used to determine the composition of the PDMS–
magnetite nanoparticle fluids.
n a 3100 g mol�1 trivinylsilyl-terminated PDMS. The upper spectrum is trivinylsilyl-
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TEM was conducted using a Philips EM-420 field-emission-gun
transmission electron microscope. Samples of the polymer–
magnetite complexes were dispersed in chloroform through probe
sonication and analyzed after being cast onto amorphous carbon-
coated copper grids. The eucentric height and focus were set
consistently for each sample. The microscope was equipped with
a 2000 � 3000 pixel digital imaging system, and images were
acquired at a magnification of 96 kx at a voltage of 100 kV, corre-
sponding to a resolution of 3.7 pixels nm�1. At least 2000 particles
taken from five separate images were used for image analysis.
Particle distribution analyses were performed using Reindeer
Graphics’ Fovea Pro 4 plug-in for Adobe Photoshop 7.0.

A Malvern Zetasizer NanoZS particle analyzer (Malvern Instru-
ments Ltd, Malvern, UK) was used to conduct dynamic light scat-
tering (DLS) experiments of the complexes in chloroform at 25 �C. A
4.0 mW, solid-state He–Ne laser at a wavelength of 633 nm was the
incident light source. The NanoZS measures at a scattering angle of
173�, which reduces the effects of multiple scattering and
contaminants such as dust. Malvern’s Zetasizer Nano 4.2 software
was used to calculate intensity, volume and number average
diameters utilizing an algorithm that transforms time-varying
intensities to particle diameters [42].

Powder X-Ray Diffraction (XRD) patterns were obtained using
a Scintag XDS-2000 diffractometer with a Ni-filtered Cu-Ka
(l¼ 0.154 nm) radiation source. The patterns were obtained at
a scan rate of 1.0 2q s�1 and were scanned from 10 to 90�. Particle
diameters were obtained using the Scherrer formula, which allows
for estimation of particle diameter as a function of the width of the
diffraction curves [43].
Fig. 2. TEM images of a 5100 g mol�1 PDMS–magnetite complex before magnetic
separation (A) and following five magnetic separations (B).
3.1. Density distribution model to predict sizes of the PDMS–
magnetite nanoparticle complexes

Modeling of the PDMS–magnetite complexes to predict their
sizes in various solutions was based on methods developed by
Mefford, Zhang, and Miles [29,30,39,40]. TEM was used to image
the particles and image analysis was performed on the magnetite
cores (only the magnetite component of the complexes is visible by
TEM). The size distribution of the magnetite was fitted with
a Weibull probability distribution (P(a)) as shown in Equation (1).

PðaÞ ¼ c
b

�a
b

�c�1
exp

�
�
�a

b

�c
�

(1)

Here, a is the particle radius and b and c are the Weibull shape and
scale parameters, respectively.

The average surface area of the magnetite was calculated from
the particle size distribution derived from TEM. Combining the
average surface area with the average polymer loading per mass of
complex (from TGA) gives an average number of chains per
magnetite surface area, a, as shown in Equation (2).

a ¼
�
1�Wmag

�
NAvrmag

3MnWmag

ZN
0

a3PðaÞdr

ZN
0

a2PðaÞdr

(2)

Here, rmag is the density of magnetite (5.21 g cm�3), [44] Wmag is
the weight fraction of the complex that is magnetite, NAv is
Avogadro’s number, and Mn is the PDMS number average
molecular weight. Equation (2) is slightly different than the one
previously reported for reasons of self-consistency, but the
difference in the number average diameter resulting from this
change is less than three percent [30,39,40]. Through application
of a modified version of the Vagberg density distribution
model [30,38–40], the average radius of the PDMS–magnetite
complexes was calculated as

RmðaÞ ¼
 

8Nk f ðaÞ
1�n
2n L1=n

k

41=n3n
þ a1=n

!n

(3)

where Nk is the number of Kuhn segments, Lk is the Kuhn length
(0.81 nm) [44], y is the Flory exponent (0.6 for a good solvent), and
f(a) is the number of chains per particle, which were calculated
from Equation (4).

f ðaÞ ¼ 4pa2a (4)

All of the measurements were performed in chloroform, which
is a good solvent for PDMS

Different modes of the complex distribution were calculated
through a Weibull probability distribution fit (Equations (5), (6),
and (7)) where Dn, Dv, and Di are the number, volume, and intensity
average diameters, respectively.

Dn ¼ 2
ZN
0

RmðaÞPðaÞda (5)



Fig. 3. The number weighted diameter distributions of the 3050 (A), 5100 (B), 6900 (C), and 10,200 g mol�1 (D) PDMS–magnetite complexes in chloroform at 25 �C display the effect
of magnetic separation for a magnetic field above the saturation magnetization at 10 mg mL�1.
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Dv ¼ 2

ZN
0

RmðaÞ4PðaÞda

ZN
0

RmðaÞ3PðaÞda

(6)

Di ¼ 2

ZN
0

RmðaÞ6PðaÞda

ZN
0

RmðaÞ5PðaÞda

(7)

For our purposes, the focus will be on the number weighted
average, both from a modeling and a light scattering perspective.
The reason is that of these distributions, the number weighted
average is the least susceptible to aggregation. Large amounts of
aggregation must be present before the number average will
change significantly. Thus, comparison of a calculated number
average to an experimental average from light scattering allows
determination of considerable aggregation.

The brush model can also be used to calculate the pair–pair
potential for polymer–particle complexes of the same size as
previously described by our group [30,40]. The calculation of these
potentials is described in equation (8).

VTotal ¼ VvdW þ VM þ VES þ VS (8)
VvdW is the attractive potential due to van der Waal’s interactions,
VM is the attractive potential produced by an applied magnetic field,
VES is the repulsive potential due to electrostatic interactions, and
VS is the repulsive potential due to steric repulsion of the polymer
brushes. The electrostatic potential can be calculated as

VES ¼ 2pa33oj2
oln

�
1þ e�kðr�2aÞ

�
(9)

where 3 is the dielectric constant of the solvent, 3o is the permit-
tivity of free space, jo is the surface potential, k is the inverse Debye
length, r is the center-to-center separation, and a is the particle
radius [45]. However, chloroform has a significantly lower dielectric
constant compared to water (4 vs. 80 at room temperature,
respectively) and thus the repulsive electrostatic interaction is
negligible due to the extremely small Debye length. The magnetic
potential can be calculated as

VM ¼
8pmoa3M2

9ðha þ 2
�3 (10)

where a is the particle radius, M is the magnetization
(345,000 A m�1), mo is the magnetic permeability in vacuum (1.26e-
6 Tm A�1), and h is the surface-to-surface separation of two parti-
cles [46]. The van der Waal’s potential can be calculated as

VvdW ¼ �
1
6

Aeff

�
2a2

r2 � 4a2 þ
2a2

r2 þ ln
�

r2 � 4a2

r2

		
(11)



Fig. 5. For each molecular weight, approximately 80 percent of the material is
removed after five separations.

Table 2
Comparison of the model predictions of number average hydrodynamic diameter
(�standard deviation) with experimental measurements indicate that five magnetic
separations are necessary to obtain a well-defined particle size distribution.

PDMS–magnetite
complex

%
Magnetite

Starting
material

1st
separation

5th
separation

Model

DLS Dn
(nm)

DLS Dn
(nm)

DLS Dn
(nm)

Dn
(nm)

3050 g mol�1 35 29.6 � 1.7 27.0 � 0.3 19.7 � 0.4 18.2
5100 g mol�1 29 31.0 � 0.5 29.7 � 1.4 20.1 � 0.6 22.7
6900 g mol�1 24 30.1 � 2.0 30.0 � 0.6 21.8 � 0.8 26.5
10,200 g mol�1 26 48.4 � 1.5 36.5 � 1.0 27.6 � 2.6 30.0
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where r is the center-to-center separation distance of two particles
and a is the particle radius. Aeff is the effective retarded Hamaker
constant calculated according to previous work [30,40].

For the case of a densely adsorbed brush layer, the steric
contribution to the interaction potential may be described by the
Likos expression [47].

VS ¼
5

18
kTf ðaÞ3=2

8>>>><
>>>>:
�ln

 
r
s
þ 1

1þ
ffiffiffiffiffiffiffi
f ðaÞ
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1
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1þ
ffiffiffiffiffi
f ðaÞ
p

2

�
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r

�
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�
�

ffiffiffiffiffiffiffi
f ðaÞ
p

2s ðr � sÞ
	

r > s

9>>>>=
>>>>;

(12)

Here, r is the center-to-center separation, f(a) is the number of
chains per particle, and s/2 is the distance from the center of the
core to the center of the outermost blob layer [45,47]. For this
expression, s is defined as 1.3Rg, the radius of gyration of the
ensemble [45]. Thus, determination of the onset of a sharp increase
in the steric potential is determined by the Rg, which is calculated as
done previously [30,40]. By taking these potential energy terms in
aggregate (van der Waals, magnetic, electrostatic, and steric),
a pair–pair potential energy diagram can be constructed to deter-
mine the effect of a magnetic field on the separation of these
materials as a function of molecular weight.

4. Results and discussion

4.1. Synthesis of PDMS–magnetite complexes

The synthetic procedure for obtaining a tricarboxylate-func-
tional PDMS oligomer has been previously reported [24,39]. Great
Fig. 4. Image analysis shows no significant difference between the particle size
histograms for the starting material (3.4� 2.0 nm), first magnetic separation
(3.2�1.8 nm), and fifth magnetic separation (3.1�1.6 nm) of the 6900 g mol�1 PDMS–
magnetite complex.
care was taken to purify all solvents and reagents for the D3

polymerizations to prevent premature termination of the
growing PDMS chains. The living anionic polymerization of D3

yielded polymers with good control over molecular weights and
narrow molecular weight distributions, as confirmed by NMR
and GPC (Table 1). A series of trivinylsilyl-terminated PDMS
oligomers were synthesized with targeted molecular weights
ranging from 3000 to 10,000 g mol�1. The molecular weights
obtained from GPC and NMR were in close agreement with the
targeted values.

Tricarboxylate-functional PDMS–magnetite dispersion stabi-
lizers were synthesized via the ene-thiol addition of mercapto-
acetic acid to the trivinylsilyl-terminated PDMS series. Complete
conversion of the vinyl groups was promoted by thoroughly
deoxygenating the reaction mixtures before the additions. Excess
mercaptoacetic acid was removed from the polymer during isola-
tion by precipitating the polymer into a methanol/water mixture,
yielding well-defined tricarboxylate-functional PDMS oligomers.
The addition of mercaptoacetic acid across the vinylsilane groups
was confirmed by 1H NMR (Fig. 1).

Using these polymers, PDMS–magnetite complexes were
formed with compositions close to those targeted (approximately
30 wt% magnetite and 70 wt% PDMS coating) as determined
by TGA.
4.2. Characterization of PDMS–magnetite complexes synthesized
through co-precipitation

Due to aggregation in the system, magnetic separation was
employed to remove aggregates and obtain a more defined and
narrow particle size distribution. Fig. 2 shows representative
images of the 5100 g mol�1 PDMS–magnetite complex without
separation and following five magnetic separations. There are
clearly fewer aggregates in the magnetically separated image than
in the starting material. However, determining the degree of
aggregation in either case is difficult just from images alone. DLS
was then used to characterize the extent of aggregation of these
materials in chloroform (a good solvent for PDMS).

Fig. 3 shows the number weighted diameter distribution from
DLS of the four PDMS–magnetite complexes with differing mole-
cular weight stabilizers during various stages of magnetic separa-
tion at a concentration of 10 mg mL�1. Each of these distributions is
an average of three consecutive measurements. Passing the PDMS–
magnetite complexes through the separation columns removes the
larger particles. Each distribution decreases both in width and



Fig. 6. Potential energy diagrams of the 3050 (A), 5100 (B), 6900 (C), and 10,200 g mol�1 (D) PDMS-magnetite complexes (compositions shown in Table 2) show deeper secondary
minimum energy wells for the smaller polymer brush with an applied magnetic field above their saturation magnetization.
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overall diameter with increasing separations, indicating that
multiple separations are necessary to obtain a well-defined distri-
bution of polymer-stabilized single magnetite nanoparticles.

This is also observed in Table 2, which shows the number
average diameters predicted by the model compared to those
obtained via DLS for the starting material and the material after
both one and five magnetic separations for all four PDMS molecular
weights. Note that these solutions were separated at a concentra-
tion of 1 mg mL�1, both to assure dilute solution conditions and to
prevent saturation of the magnetic separation column.

Note that the model comes into better agreement with the DLS
data with an increased number of magnetic separations. This again
indicates that multiple magnetic separations are necessary in order
to obtain a well-defined system. This treatment does assume
a constant number of chains per surface area for each magnetite
particle in the distribution, irrespective of the particle size. The
increased agreement between the model and the sizes measured
by DLS with subsequent magnetic separations indicates that this
assumption is reasonable as long as the core particle size is not
affected significantly by the magnetic separation (i.e. if only
aggregates are removed and not single particles).

This was confirmed through image analysis, where the size
distributions of the magnetite core for the starting material, first
magnetic separation, and fifth magnetic separation for the
6900 g mol�1 PDMS–magnetite complexes were compared as
shown in Fig. 4.

This method of image analysis divides any obvious aggregates
into its components, thus eliminating the complexities of deter-
mining which particles are aggregated and which are not. This
allows determination of the nominal magnetite core size which
does not appreciably change in the magnetic separation process.
The only parameter that changes is the degree of aggregation of the
system, which is reflected in the DLS measurements.

The primary issue with this separation technique is that
approximately 80 percent of the material (by mass) is lost during
the series of five separations at a concentration of 1 mg mL�1

(Fig. 5). Fig. 3 and Table 2 illustrate the need for five magnetic
separations to obtain a well-defined particle system, and so
a significant loss of material is inevitable regardless of molecular
weight when using this method. Also, the core particle size does
not change, which means that 80 percent of the material is in the
form of aggregates, indicating that the synthetic procedure for
making the complexes is not ideal.

Application of extended DLVO theory also confirms that the
single core particles should not be appreciably separated through
the magnetic fractionation step irrespective of polymer molecular
weight or magnetic field strength. Examination of the pair–pair
potentials for the different polymer brushes at a magnetic field
strength above the saturation magnetization of the nanoparticles
predicts that the majority of the material removed should be
magnetite aggregates. Fig. 6 shows these potential energy diagrams
generated for all four molecular weights examined in this study
using extended DLVO theory with the added magnetic pair–pair
potential as described previously. The potential energy diagrams
were calculated for the 50th (4.1 nm), 75th (4.9 nm), 95th (6.1 nm),
and 99th (6.9 nm) percentile of the core particle size distribution as
determined by image analysis. A more negative secondary potential
energy well indicates a propensity for aggregation of two



Fig. 7. TEM image analysis (A) and dynamic light scattering (B) show a narrow particle size distribution while a representative TEM image (C) shows a well-defined magnetite core.
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complexes interacting with each other. As illustrated in Fig. 6, only
the 99th percentile of the particle size distribution is susceptible to
magnetically induced flocculation. Of the four complexes exam-
ined, only the 3050 g mol�1 PDMS–magnetite complex might
exhibit appreciable flocculation. However, Fig. 5 indicates no
appreciable difference in the % mass lost during magnetic separa-
tion. The secondary potential energy wells for all molecular weights
are very similar for the 95th percentile and are identical for the
50th and 75th percentiles of the particle size distribution regard-
less of molecular weight. Thus, the separation profiles of each
molecular weight should be mostly uniform, and the number of
single particles removed from the system should be negligible, as
observed by image analysis.
Table 3
Comparison of the number average hydrodynamic diameters (�standard deviation)
with those predicted by the model indicate a well-defined particle size distribution.

PDMS–magnetite complex % Magnetite DLS Dn
(nm)

Model Dn
(nm)

3050 g mol�1 35 19.5 � 1.9 18.1
44 18.9 � 0.4 17.1

5100 g mol�1 21 23.7 � 0.5 24.5
42 21.6 � 0.9 20.6

6900 g mol�1 38 23.7 � 0.5 23.5
47 20.4 � 2.1 22.0

10,200 g mol�1 41 23.2 � 1.0 26.4
4.3. Characterization of PDMS–magnetite complexes synthesized
through thermal reduction of Fe (acac)3

Because of the issues outlined in the previous section, a more
uniform magnetite size distribution was desired. This was achieved
through the elevated temperature reduction of iron (III) acetyl-
acetonate adapted from Pinna et al. [41]. Fig. 7 shows a represen-
tative TEM image of the 3050 g mol�1 PDM–magnetite complex as
well as particle histograms for three different magnetite syntheses
obtained through image analysis and a number average radius
distribution from DLS, illustrating the remarkable reproducibility of
the particle size distributions (radii of 3.9�1.1 nm, 3.5�1.2 nm,
and 3.9�1.2 nm for batches 1, 2, and 3, respectively). The slight
increase in size observed from DLS (5.6� 0.9 nm) is due to the oleic
acid stabilizer adsorbed to the bare magnetite during the synthesis.
Additionally, XRD was performed on another magnetite batch prior
to coating with oleic acid, and through application of the Scherrer
equation (DxRD¼ 0.9l/bcos(q), where l is the wavelength of radia-
tion, b is the peak width at half-height in radians, and q is the angle
of reflection) [43], a radius of 4.1�0.6 nm was obtained from five
different XRD peaks. This compares favorably to the averages
obtained via image analysis and DLS. Because these methods
require the assumption that the particle is spherical, the consis-
tency of the data from both image analysis and XRD supports the
validity of this assumption.

Polymer–magnetite complexes were prepared with all four
PDMS molecular weights. Different polymer loadings for the 3050,
5100, and 6900 g mol�1 PDMS–magnetite complexes were used to
ensure that the model was correctly predicting the PDMS brush
extension. Just as before, all DLS measurements were made in
chloroform, a good solvent for PDMS. Table 3 shows a comparison
of the number average diameters obtained from DLS with those
predicted by the model for the PDMS–magnetite complexes for
seven independent combinations of polymer molecular weight and
loading.

As illustrated in Table 3, there is remarkable agreement between
the DLS measurements and the model predictions for this system,
especially since no adjustable parameters are used in the model.
The largest deviation between the predicted and experimental
values is 3.2 nm, and the average deviation is seven percent, which
is on par with the error typically associated with DLS
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measurements and previous comparisons to the model made with
polyether-stabilized complexes [30]. As expected, an increase in
PDMS molecular weight or a decrease in magnetite loading resulted
in an increase of the complex diameter.

The accuracy of the model compared to the DLS measurements
is a strong indication that the high-temperature magnetite
synthetic route provides a well-defined particle size distribution.
The reproducibility of different batches means that this synthetic
method can be used repeatedly to obtain the same magnetite
distribution, allowing for design and control of various polymer–
particle properties. Most importantly, the high-temperature
synthetic route requires no magnetic fractionation, which elimi-
nates material loss associated with the co-precipitation.

5. Conclusions

Sterically-stabilized complexes comprised of PDMS and
magnetite nanoparticles were synthesized using two different
magnetite synthetic methods and four different PDMS molecular
weights. Through comparison of a polymer brush model with DLS
measurements, it was determined that the co-precipitation
synthetic method resulted in aggregates. Multiple magnetic sepa-
rations were necessary to obtain a well-defined narrow particle
distribution and while this did produce the desired distribution,
nearly 80 percent of the total starting material was lost in the
separation process. Image analysis and the application of extended
DLVO theory with an added magnetic pair–pair potential indicated
that aggregates were the main component being removed through
the magnetic separation process, and varying the molecular weight
of the PDMS brush did not appreciably affect the separation profiles.

A thermolysis method that involved reduction of iron (III) ace-
tylacetonate was implemented to produce a particle size distribu-
tion consisting of primarily single particles to eliminate the
magnetic separation step. The reproducibility of this method was
confirmed through analysis of TEM images for multiple magnetite
batches and through X-ray diffraction. The polymer brush model
was applied to these complexes and predicted the PDMS–magne-
tite complex sizes within seven percent of those measured by DLS
for both varying molecular weight and polymer loading. This
indicates that the model accurately describes how the PDMS brush
extends out from the magnetite nanoparticle surface. Previous
work in our group has examined the use of this model to predict the
sizes of polyether–magnetite complexes with similar agreement
[30]. The model includes no adjustable parameters, and predicts
the sizes of significantly different types of polymer–magnetite
complexes based on published values of the Flory exponent for
solvent quality, the statistical polymer segment length, and the
statistical number of segments per polymer chain.

Most importantly, through application and validation of this
brush model, we now have a readily available methodology for the
design of sterically-stabilized single–particle complexes with sizes
tailored to within at least ten percent of a desired value. Addi-
tionally, the model provides a tool for determining the state of
aggregation of a system in solution and whether further separation
techniques are necessary to remove unwanted components. This
knowledge will allow for the design of polymer–nanoparticle
systems for biomedical applications with specific functionalities
and the ability to determine the critical design parameters for
variables such as cellular uptake and efficacy of delivery.
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