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Many studies have concerned the colloidal stability of magnetite nanoparticles coated with
poly(ethylene oxide) (PEO), but their long-term stability when such complexes are exposed to
physiological media is still not well understood. This paper describes effects of different functional
anchor groups, including one carboxylate, one ammonium, one phosphonate zwitterion, and three
phosphonate zwitterions, on the structural stabilities of PEO-magnetite nanoparticle complexes in
water and phosphate buffered saline (PBS). While PEO oligomers bound to the magnetite through
any of these functional groups remain stably bound in water, only the complexes with polymers
bound through the zwitterionic phosphonates were stable in PBS. The stabilities of the PEO-
magnetite complexes with these phosphonate zwitterions in PBS allowed for investigating colloidal
properties of their dispersions as functions of the number of phosphonates per chain and the chain
densities and molecular weights. In contrast to all of the other complexes studied, PEO-magnetite
nanoparticles bound through three phosphonate zwitterions on one end of the PEO exhibited no
significant change in size for over 24 h evenwhen they were dispersed in PBS. The colloidal properties
of all of these dispersions are discussed in light of their compositions and structures.

Introduction

Magnetite nanoparticles coated with biocompatible
macromolecules have been of great interest due to a wide
range of potential biomedical applications including drug
delivery, treatment of detached retinas, cell separations
and contrast enhancement agents for MRI.1-6 PEO has
been one of the most widely used coatings for magnetite
nanoparticles because of its low cytotoxicity, ability to
mask foreign substrates from the immune system, and
FDA approval for in vivo applications.1,7,8 Despite the
prevalence of PEO as a coating for magnetite, there is a

need to improve upon the binding efficacy of the polymer
to the magnetite surface so that the materials will remain
intact in physiological media.9-11

Functional anchor groups on polymers can aid in their
adsorption to the surface of magnetite. Polymeric mag-
netite dispersion stabilizers containing carboxylate and
alkylammonium anchor groups have been previously
reported.8,11-17 Over the past few decades, significant
effort has been devoted to the surface modification of
magnetite with PEO-containing polymers to improve
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their biocompatibility, resist protein adsorption and
increase their circulation time within the body.1,7,18,19

Previous work by others has shown the capacity to coat
magnetite nanoparticles with polymers containing pen-
dant carboxylate groups, as well as with carboxylate,
alkylammonium, or methoxysilane termini.5,8,20-26 In-
vestigations of the colloidal stabilities of magnetite and
maghemite nanoparticles having organic coatings have
been conducted in water and in saline (e.g., sodium
chloride).12-16,21,27 Stabilities of these complexes in water
and saline were adequate, but the issue of their stabilities
inmedia simulating physiological conditions that contain
phosphate salts has received little attention. One interest-
ing exception is that Chahana and Wang et al. recently
reported magnetite nanoparticles coated with a hydro-
philic polyacrylate that was bound through catechol
moieties, and this was stable in PBS.27

This paper describes the synthesis of PEO oligomers
containing functional anchor groups at one end (one
carboxylate, one ammonium, one phosphonate zwitter-
ion, three phosphonate zwitterions) and their adsorption
onto magnetite nanoparticles. Relationships between the
chemical nature of the anchor group(s) and the capacity
to remain firmly bound to the magnetite, as well as the
colloidal dispersion properties of the PEO-magnetite
complexes, were studied in water and in PBS. Addition-
ally, the influence of PEO molecular weight on colloidal
properties of the PEO-magnetite complexes with similar
polymer loadings has been investigated.

Experimental Section

Materials. Azobisisobutyronitrile (AIBN), benzyl alcohol

(>98%), diethyl ether, diethyl vinyl phosphonate (97%), ethyl-

ene oxide (EO, 99.5þ%), hexanes (HPLC grade), iron(III)

acetylacetonate (Fe(acac)3), mercaptoacetic acid (97þ%), oleic

acid (90%, technical grade), sodium iodide (99%), triethylamine

(TEA, 99.5%), and 1.0 M vinylmagnesium bromide in THF

were purchased from Aldrich and used as received. Tetrahy-

drofuran (THF, Optima grade, EMD Science, 99.5%)

was refluxed over sodium metal with benzophenone until the

solution reached a deep purple, fractionally distilled, and

deoxygenated just prior to use. Glacial acetic acid (EMD

Science) was diluted with THF, yielding a 2.0 M acetic acid

solution. Naphthalene (Aldrich) was sublimed prior to use.

Bromotrimethylsilane (TMS-Bromide, 97%) and mercapto-

ethylamine hydrochloride were purchased from Alfa Aesar

and used as received. Ethanol (Decon Laboratories Inc.) was

used as received. Methanol (HPLC grade), chloroform (HPLC

grade), N,N-dimethylformamide (DMF, Optima grade),

dichloromethane (HPLC grade), sodium bicarbonate, ammo-

nium chloride, sodium chloride, and acetone (HPLC grade)

were purchased from Fisher Scientific and used as received.

3-Chloropropyldimethylchlorosilane and 3-chloropropyltri-

chlorosilane were purchased from Gelest and used as received.

Dialysis tubing (25 000 g mol-1 MWCO and 1000 g mol-1

MWCO) was obtained from Spectra/Por. Phosphate buffered

saline 10X (PBS) was obtained from Lonza and diluted to

appropriate concentrations.

Synthesis. Synthesis of 3-Hydroxypropyldimethylvinylsilane

(3-HPMVS) and 3-Hydroxypropyltrivinylsilane (3-HPTVS).

3-HPMVS and 3-HPTVS were prepared utilizing a modified

procedure originally developed by Vadala et al.11,17 The procedure

described herein that was utilized to prepare 3-HPMVS can be

applied to the synthesis of 3-HPTVS with appropriate substitution

of the trivinylsilane as the starting reagent. 3-Chloropropyldi-

methylchlorosilane (10.0 g, 0.06 mol) was syringed into a clean,

flame-dried, two-neck, round-bottom flask equippedwith a stir bar

under a N2 purge. The reaction flask was placed in an ice bath and

cooled to 0 �C. A 1.0 M solution of vinylmagnesium bromide

(64.0 mL, 0.064 mol) in THF was slowly added to the flask over

30min.The flaskwas allowed towarm to room temperature, and the

mixture was stirred for 24 h. The reaction mixture was diluted with

dichloromethane (100 mL), transferred to a separatory funnel and

washed with a saturated aqueous ammonium chloride solution

(150 mL), and then the organic layer was further washed with

aqueous sodium chloride (3 � 150 mL). Magnesium sulfate was

added to the organic layer to remove any residual water, followed by

vacuum filtration. Dichloromethane was removed under vacuum

and the product was distilled at 100 �C, 0.8 Torr, yielding 3-

chloropropyldimethylvinylsilane (8.91 g, 0.06 mol) (3-CPMVS). 1H

NMRwas used to confirm the quantitative addition of vinyl groups.

3-CPMVS (8.91 g, 0.06 mol) was placed in a 250 mL round-

bottom flask equipped with a stir bar and condenser. In a

separate round-bottom flask, sodium iodide (16.4 g, 0.11 mol)

was dissolved in acetone (60 mL) and the solution was syringed

into the flask. Themixture was heated at 56 �C for 24 h. Acetone

was removed under a vacuum and the product was dissolved in

dichloromethane (100 mL) and vacuum filtered to remove the

salt byproduct. Dichloromethane was removed under vacuum

and the product was distilled at 100 �C, 0.8 Torr, yielding

3-iodopropyldimethylvinylsilane (3-IPMVS, 13.4 g, 0.05 mol).
1H NMR confirmed the expected structure.

3-IPMVS (13.4 g, 0.05 mol) was placed in a 250 mL round-

bottom flask equipped with a stir bar and condenser. DMF

(20 mL) was added to the reaction flask followed by sodium

bicarbonate (8.8 g, 0.10 mol) and DI water (5 mL). The mixture

was heated to 100 �C for∼24h and conversion of the alkyl iodide

to an alcohol was monitored via 1H NMR. The reaction mixture

was transferred to a separatory funnel and washed 3� with DI

water to remove the excess sodium bicarbonate and DMF. The

liquid product floats on top of the aqueous DMF phase in these

extractions. The product was fractionally distilled at 90 �C, 0.8
Torr, yielding 3-hydroxypropyldimethylvinylsilane (3-HPMVS,

7.4 g, 0.048 mol, 95% yield). 1H NMR confirmed the expected

chemical structure.
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Synthesis of Dimethylvinylsilyl-Functional PEO-OH (dimethyl-

vinylsilyl-PEO-OH).Arepresentative procedure for synthesizing a

dimethylvinylsilyl-PEO-OH is provided. An 8300 g mol-1 Mn

PEO oligomer was initiated with 3-HPMVS. A 300 mL, high-

pressure Series 4561 Parr reactor was utilized for the polymeriza-

tions. EO (10.0 g, 0.23 mol) was distilled from a lecture bottle into

the pressure reactor cooledwith an isopropanol-dry ice bath. THF

(5 mL) was added to the reactor via syringe. A potassium

naphthalide solution was prepared by charging naphthalene

(14.1 g, 0.11 mol) into a 250 mL, flame-dried, round-bottom flask

equipped with a glass stir bar. Dry THF (100 mL) was syringed

into the flask to dissolve the naphthalene. Potassiummetal (3.96 g,

0.10 mol) was added to the solution followed by a N2 purge for

30 min. The solution was stirred overnight and titrated with 1 N

HCl to determine the molarity of the potassium naphthalide

solution, which was shown to be 0.95 M. An initiator solution

consisting of 3-HPMVS (0.19 g, 1.29 mmol), THF (5 mL) and

potassium naphthalide (1.26 mL of a 0.95 M solution in THF,

1.20 mmol) was prepared in a separate flame-dried, 100 mL,

round-bottom flask. The initiator solution was added to the

stirring reaction mixture via syringe. The cooling bath was re-

moved, and the reaction mixture was allowed to reach room

temperature and maintained for 24 h. The polymerization was

terminated by adding acetic acid (0.66 mL of a 2.5 M solution in

THF, 1.65 mmol) to the pressure reactor via syringe. The pressure

reactor was purged with N2 for 1 h and then opened; its contents

were transferred to a 250mL round-bottom flask. The solvent was

removed under a vacuum at room temperature, and the product

was dissolved in 200 mL of dichloromethane. The product was

washed twice with DI water (2 � 100 mL). The solution was

concentrated under a vacuum at room temperature and precipi-

tated in cold diethyl ether.

Synthesis of Trivinylsilyl-Functional PEO-OH (trivinylsilyl-

PEO-OH). An exemplary procedure for synthesizing a trivinyl-

silyl-PEO-OH oligomer is provided. A 9 100 g mol-1 Mn PEO

oligomer was initiated with 3-HPTVS in a 300 mL, high-

pressure Series 4561 Parr reactor. EO (10.0 g, 0.23 mol) was

distilled from a lecture bottle into the pressure reactor cooled

with an isopropanol-dry ice bath (-30 �C), followed by addition
of THF (5 mL) via syringe. A potassium naphthalide solution

was prepared by charging naphthalene (14.1 g, 0.11 mol) into a

250 mL, flame-dried, round-bottom flask equipped with a glass

stir bar. Distilled THF (100 mL) was syringed into the flask to

dissolve the naphthalene. Potassiummetal (3.96 g, 0.10mol) was

added to the solution followed by a N2 purge for 30 min. The

solution was stirred overnight and titrated with 1 N HCl to

determine the molarity of the potassium naphthalide solution,

which was shown to be 0.97 M. An initiator solution consisting

of 3-HPTVS (0.19 g, 1.12 mmol), THF (5 mL) and potassium

naphthalide (1.03 mL of a 0.97 M solution in THF, 1.0 mmol)

was prepared in a separate flame-dried, 100-mL, round-bottom

flask. The initiator solution was added to the stirring pressure

reactor mixture via syringe. The dry ice/isopropanol bath was

removed, and the reaction mixture was allowed to reach room

temperature and maintained for 24 h. The polymerization was

terminated by adding acetic acid (0.66 mL of a 2.5M solution in

THF, 1.65 mmol) to the pressure reactor via syringe. The

pressure reactor was purged with N2 for 1 h, then opened and

its contents were transferred to a 250 mL round-bottom flask.

The solvent was removed under vacuum at room temperature,

and the product was dissolved in 200 mL of dichloromethane

and washed twice with DI water (2 � 100 mL). The solution

was concentrated under a vacuum at room temperature and

precipitated in cold diethyl ether.

Functionalization of Dimethylvinylsilyl-PEO-OH with Car-

boxylic Acid Groups. An exemplary procedure for adding a

carboxylic acid group via ene-thiol free radical chemistry across

the vinylsilyl end group is provided for an 8300 g mol-1

dimethylvinylsilyl-PEO-OH. Dimethylvinylsilyl-PEO-OH

(1.0 g, 0.12 mmol) was charged to a 100 mL round-bottom flask

equipped with a stir bar and dissolved in 2 mL of deoxygenated

toluene.Mercaptoacetic acid (37.0mg, 0.36mmol) was syringed

into the reaction flask followed by the addition of AIBN

(9.2 mg, 0.06 mmol) dissolved in 0.5 mL of toluene. The mixture

was deoxygenated for 10 min by sparging with N2, and then

reacted at 80 �C for 24 h. The reaction mixture was dissolved in

200 mL of dichloromethane, transferred to a separatory funnel,

and washed with DI water 3� to remove the excess mercapto-

acetic acid. The dichloromethane was removed via rotary

evaporation and the resulting polymer was precipitated into

cold diethyl ether. The polymer was dried at room temperature

under a vacuum for 24 h, yielding 0.94 g of carboxylic acid-

functionalized PEO.

Functionalization of Dimethylvinylsilyl-PEO-OH or Trivinyl-

silyl-PEO-OH with Ammonium Group(s). Heterobifunctional

polyethers with a terminal ammonium group (ammonium-

PEO-OH) were obtained via ene-thiol addition of mercap-

toethylamine hydrochloride across the vinylsilane. In a char-

acteristic procedure, an 8300 g mol-1 dimethylvinylsilyl-

PEO-OH (2 g, 0.24mmol), mercaptoethylamine hydrochloride

(45.2 mg, 0.4 mmol), and AIBN (20 mg, 0.12 mmol) were

dissolved in deoxygenated DMF (5 mL) in a 100 mL round-

bottom flask equipped with a stir bar. The reaction was con-

ducted at 70 �C for 24 h with stirring, and then the reaction

mixture was cooled to room temperature. DI water (100 mL)

was added to the flask, and the mixture was transferred to a

separatory funnel. Dichloromethane (200 mL) was added to the

separatory funnel to extract the alkylammonium-functionalized

polyether from the water layer. The dichloromethane layer was

washed with a 1 N solution of sodium bicarbonate (3�),

followed by 3 washes with DI water. The dichloromethane

solution was concentrated under a vacuum, and the ammonium-

PEO-OH oligomer was precipitated into cold diethyl ether and

dried at 25 �C under a vacuum for 12 h, yielding 1.9 g of product

(95% yield).

A PEO oligomer with three ammonium groups on one end

(ammonium3-PEO-OH) was prepared by a similar procedure

using trivinylsilyl-PEO-OH as the starting substrate, and the

same molar ratios of reagents to equivalents of vinyl groups as

described above.

Michael Addition of Ammonium-PEO-OH or Ammonium3-

PEO-OH onto Diethyl Vinyl Phosphonate. A characteristic

procedure for adding a phosphonate group to an 8300 g mol-1

ammonium-PEO-OH is provided. An ammonium-PEO-OH

oligomer (1.0 g, 0.12mmol) was charged to a clean, flame-dried,

100 mL, round-bottom flask equipped with a stir bar, and

dissolved in ethanol (9 mL). TEA (0.20 mL, 0.14 mmol) was

added to the reaction, followed by diethyl vinyl phosphonate

(0.26 mL, 0.14 mmol). The reaction was carried out at 70 �C for

24 h. The reactionmixture was diluted with DIwater to obtain a

75:25 water:ethanol composition and placed in a 1000 g mol-1

MWCOcellulose acetate dialysis bag and dialyzed against 4 L of

DI water for 24 h to remove excess diethyl vinyl phosphonate.

The contents of the dialysis bag were transferred to a 100 mL

round-bottom flask and lyophilized, yielding 0.91 g of diethyl

phosphonate-functionalized PEO.

A PEO oligomer with three phosphonate groups on one end

(phosphonate3-PEO-OH) was prepared by a similar procedure
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using ammonium3-PEO-OH as the starting substrate, and the

same molar ratios of reagents to equivalents of ammonium

groups as described above.

Hydrolysis of Diethylphosphonate-PEO-OH (or diethylphospho-

nate3-PEO-OH) Yielding Phosphonic Acid-PEO-OH (or phos-

phonic acid3-PEO-OH). Phosphonic acid-PEO-OH was prepared

from diethyl phosphonate-PEO-OH using a hydrolysis procedure

adapted from Caplan et al.28 In a representative procedure, an

8300 g mol-1 diethyl phosphonate-PEO-OH (0.80 g, 0.10 mmol)

was charged to a clean, 100mL round-bottom flask equippedwith

a stir bar anddissolved in 5mLof dichloromethane. Trimethylsilyl

bromide (0.032 mL, 0.24 mmol) was syringed into the reaction

flaskand stirredat roomtemperature for 24h.Methanol (0.01mL,

0.24 mmol) was added and stirred for 2 h to cleave the trimethyl-

silyl groups. Dichloromethane (50 mL) was added, and the

mixture was washed 3� with DI water (100 mL each) in a

separatory funnel. The dichloromethane layer was concentrated,

then the oligomer was precipitated by pouring the mixture into

cold diethyl ether. The polymer was vacuum-dried at 25 �C for

24 h, yielding 0.77 g of phosphonic acid-PEO-OH.

A PEO oligomer with three phosphonate groups on one end

(phosphonate3-PEO-OH) was prepared by a similar procedure

using diethylphosphonate3-PEO-OH as the starting substrate,

and the same molar ratios of reagents to equivalents of phos-

phonate groups as described above.

Magnetite Synthesis via Reduction of Fe(acac)3. Magnetite

nanoparticles were synthesized using a reduction method

adapted from Pinna et al.29 Fe(III) acetylacetonate (2.14 g,

8.4 mmol) and benzyl alcohol (45 mL, 0.43 mol) were charged

to a 250 mL, three-neck, round-bottom flask equipped with a

water condenser and placed in a Belmont metal bath with an

overhead stirrer with both thermostatic ((1 �C) and revolution

per minute control. The solution was sparged with N2 for 1 h.

While stirring under N2 at 300 rpm, the solution was heated at

100 �C for 4 h, and the temperature was then increased to 205 �C
at a rate of ∼25 �C h-1. Following 24 h at 205 �C, the reaction
was cooled to roomtemperature; themagnetite particleswere then

collected with a magnet and the benzyl alcohol was decanted. The

magnetite nanoparticles were washed 3� with acetone (100 mL

each), then were dispersed in chloroform (20mL) containing oleic

acid (0.3 g). The solvent was removed under vacuum at room

temperature, and the oleic acid-stabilized magnetite nanoparticles

were washed 3� with acetone (100 mL each). The particles were

dried under a vacuum for 24 h at 25 �C. The composition of the

particles obtained from thermogravimetric analysis (TGA) was

5% organic residue to 95% magnetite.

Adsorption of Functional Polyether Stabilizers ontoMagnetite

Nanoparticles.A representativemethod for preparing a targeted

composition of 70:30 wt:wt polyether:magnetite complex is pro-

vided. Oleic acid-stabilized magnetite nanoparticles (50.0 mg)

prepared as described above were dispersed in chloroform

(10mL) and charged to a 50mL round-bottom flask.A functional

PEO(117.0mg)wasdissolved in chloroform (10mL) andadded to

the dispersion. The pH of each solution and the resulting mixture

were approximately neutral. The reactionmixturewas sonicated in

a VWR 75T sonicator for 16 h under N2, and the nanoparticles

were then precipitated in hexanes (300mL). Amagnet was utilized

to collect the magnetite nanoparticles and free oleic acid was

decanted with the supernatant. The complexes were dispersed in

DI water (20 mL) using sonication for 30-60 s. The complexes

were dialyzed against DI water (4 L) for 24 h using 25 000 gmol-1

MWCO dialysis bags.

Characterization.
1H NMR spectral analyses of compounds

were performed using a Varian Unity 400 NMR or a Varian

Inova 400 NMR operating at 400 MHz.

AnAllianceWaters 2690 SeparationsModulewith aViscotek

T60A dual viscosity detector and laser refractometer equipped

with aWaters HR 0.5þHR 2þHR 3þHR 4 styragel column

set was used for gel permeation chromatography (GPC) ana-

lyses. GPC data were collected in chloroform at 30 �C. Data

were analyzed utilizing a Universal calibration made with poly-

styrene standards to obtain absolute molecular weights.

TGA was used to determine the polymer loading for each

complex. TGA measurements were carried out on the PEO-

magnetite nanoparticles using a TA Instruments TGA Q500 to

determine the fraction of each complex that was comprised of

polymer. Freeze-dried samples were first held at 110 �C for

10min to drive off any excessmoisture. The samples (10-15mg)

were then equilibrated at 100 �C and the temperature was

ramped at 10 �C min-1 to a maximum of 700 �C in a nitrogen

atmosphere. The mass remaining was recorded throughout the

experiment. The mass remaining at 700 �C was taken as the

fraction of magnetite in the complexes. The experiments were

conducted in triplicate.

DLSmeasurements were conducted with aMalvern Zetasizer

NanoZS particle analyzer (Malvern Instruments Ltd.,Malvern,

UK) at a wavelength of 633 nm from a 4.0 mW, solid-state

He-Ne laser at a scattering angle of 173� and at 25 ( 0.1 �C.
Intensity, volume, and number average diameters were calcu-

lated with the Zetasizer Nano 4.2 software utilizing an algo-

rithm, based on Mie theory, that transforms time-varying

intensities to particle diameters.30 For DLS analysis, the dia-

lyzed complexes dispersed in DI water were diluted to∼0.05 mg

mL-1 and filtered through a Whatman Anotop, 100 nm,

alumina filter directly into a polystyrene cuvette. This corre-

sponds to a volume fraction of 1.3 � 10-5 to 2.2 � 10-5

depending on the polymer loading on the magnetite. In experi-

ments where PBSwas added, 0.1mLof 10XPBSwasmixedwith

0.9 mL of the 0.05 mg mL-1 complex solution, and the solution

was then filtered through a 100 nm alumina filter into a clean

polystyrene cuvette. Each sample was analyzed immediately

following filtration and remeasured every 30 min over 24 h.

A 7T MPMS Squid magnetometer (Quantum Design) was

used to determine magnetic properties. Hysteresis loops were

generated for the magnetite nanoparticles at 300 and 5 K. Fe

concentration of the magnetite was determined chemically by

acid digestion followed by ICP-AES analysis. These concentra-

tions were in good agreement with TGA values.

Results and Discussion

One primary issue regarding the structures of polymer-
magnetite nanostructures for biomedical applications is
the colloidal stability of dispersions of such complexes in
physiological media.9,10,25 The aim of this study has been
to compare the binding efficacies of PEO oligomers with
different functional anchoring groups to magnetite, par-
ticularly in the presence of phosphate salts, because these
are present in physiological media. PEO oligomers with
one terminal carboxylate, ammonium or a phosphonate

(28) Caplan, N. A.; Pogson, C. I.; Hayes, D. J.; Blackburn, G. M. R.
Soc. Chem. 2000, 1, 421–437.

(29) Sun, Y.;Wang, B.; Hui, C.;Wang, H. P.; Jiang, J.M. J.Macromol.
Sci., Part B: Phys. 2006, 45, 653–658.

(30) Zetasizer Nano Series User Manual; Malvern Instruments, Ltd.:
Worcestershire. U.K., 2005.
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zwitterion, and with three phosphonate zwitterions
(all on one end of the PEO) were adsorbed onto
magnetite nanoparticles, and the stabilities of the
complexes were compared. Knowledge of which bind-
ing groups remained stably bound to the magnetite in
water and in PBS then allowed us to examine the
colloidal properties of the stable nanoparticle com-
plexes in dispersions in light of the molecular weights
and chain densities of the bound oligomers on the
magnetite surfaces.
Synthesis of PEOoligomers with different functional end

groups for binding to magnetite. 3-HPMVS was used as a
versatile initiator for living anionic polymerizations of
EO to produce heterobifunctional oligomers that could
be postfunctionalized with the different chemical groups
to adsorb onto themagnetite nanoparticles (Scheme 1).17,24

This approach allowed for utilizing the same oligomer for
comparing dispersion properties with the only difference
being the functional anchor groups. A variation on this
approach using 3-HPTVS as the initiator was also
investigated to prepare phosphonate3-PEO-OH oligo-
mers, so that the dispersion properties could be compared
with nanoparticles having different surface densities of
functional binding groups. Potassium naphthalide was
reacted with 3-HPMVS or 3-HPTVS to form an alkoxide
for initiating EO, and the number of moles of the alcohol
initiator relative to EO controlled the molecular weight.
A small deficiency of the naphthalide relative to alcohol
ensured that only the alkoxide (and not residual
naphthalide) initiated the chains, and the remaining
alcohol chains transferred protons with the growing
PEO chains throughout the reaction. It is noteworthy
that these polymerizations were terminated with acetic
acid prior to opening the reaction vessel to avoid any
unwanted oxidative side reactions.
Dimethylvinylsilyl-PEO-OH oligomers with targeted

molecular weights of approximately 3,000 and 8,000
g mol-1 were prepared and the materials were character-
ized using 1HNMR andGPC (Table 1). Figure 1 shows a
representative NMR spectrum of a dimethylvinylsilyl-
PEO-OH oligomer. Number average molecular weight
was determined by comparing the integral ratios of the
resonances corresponding to the methylene groups in the
initiator (labeled 3 and 4) to the repeat unit of ethylene
oxide labeled 6. GPC of the dimethylvinylsilyl-functional
polyethers revealed symmetric monomodal peaks with
molecular weight distributions of less than 1.1, which are
indicative of living anionic polymerizations (Figure 2).
Good molecular weight agreement was found between
both methods of analysis.
Ene-thiol additions were utilized to introduce carboxy-

late and ammonium end groups onto the polyethers
(Scheme 2). The vinylsilyl functionality is unusual among
vinyl groups in that it does not polymerize readily by free
radical reactions, and thus it is seemingly an ideal sub-
strate for ene-thiol functionalization reactions because
polymerization does not compete. Nevertheless, excesses
of the thiol relative to vinylsilane were utilized for these
reactions to ensure quantitative addition.

Addition of mercaptoacetic acid to dimethylvinylsilyl-
PEO-OH was monitored by 1H NMR. Complete
disappearance of the vinyl group at ∼6 ppm indicated
stoichiometric conversion to a carboxylic acid-PEO-OH
(Figure 3A). Additionally, appearances of the methy-
lene peaks labeled 1-3 in the spectrum indicated addition

Scheme 1. Synthesis of Dimethylvinylsilyl-PEO-OH via Living

Anionic Polymerization

Table 1. Molecular Weights of Dimethylvinylsilyl-PEO-OH and

Trivinylsilyl-PEO-OH Oligomers

Mn (g mol-1)

targeted molecular weight 1H NMR GPC PDIa

monovinylsilyl-3000 g mol-1 2900 3100 1.09
monovinylsilyl-8000 g mol-1 8300 7900 1.05
trivinylsilyl-3000 g mol-1 3400 3400 1.04
trivinylsilyl-9000 g mol-1 9100 9500 1.09

aPDI = polydispersity index.

Figure 1.
1HNMRofa2,900gmol-1dimethylvinylsilyl-PEO-OHoligomer.

Figure 2. GPC chromatogram of a dimethylvinylsilyl-PEO-OH
oligomer showing a Mn value of 7900 g mol-1 and a molecular weight
distribution of 1.05.
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of mercaptoacetic acid. Comparison of the resonance
integrals corresponding to the methylene peaks of the
thiol (1-3) to the methylene peak labeled 5 confirmed
quantitative addition across the vinylsilane end groups.

1H NMR was also utilized to monitor ene-thiol addi-
tion of 2-mercaptoethylamine hydrochloride onto the
vinylsilane end groups of dimethylvinylsilyl-PEO-OH
and trivinylsilyl-PEO-OH by observing the complete
disappearance of the vinyl groups and appearances of
methylene peaks labeled 1-4 in the spectra (Figure 3B).
Comparison of integrations confirmed quantitative
functionalization with ammonium groups to form
ammonium-PEO-OH or ammonium3-PEO-OH.
The ammonium-functional PEO oligomers were used

as precursors to form the zwitterionic phosphonate-func-
tional polyethers. The ammonium end groups were first
reacted with triethylamine to afford the corresponding
free amines. A slight molar excess of triethylamine was
added to maintain basic reaction conditions, aiding in
nucleophilic addition to diethyl vinyl phosphonate. Di-
ethyl vinyl phosphonate was added to the amine group(s)
via Michael addition, yielding diethylphosphonate-
PEO-OH (Scheme 3) or diethylphosphonate3-PEO-OH
utilizing a procedure adapted from the literature.31

Figure 4A shows an 1H NMR spectrum of a represen-

tative diethylphosphonate-PEO-OH oligomer. Two

methylene peaks corresponding to the converted vinyl

group of the phosphonate reactant are observed as peaks

3 and 4 in the spectrum of the product. Quantitative

addition to diethyl vinyl phosphonate was determined by

Figure 3. Ene-thiol additionof (A)mercaptoacetic acid and (B) 2-mercaptoethylamine hydrochloride to a 2900 gmol-1 polyether, yielding carboxylic acid
and ammonium-functionalized PEO oligomers.

Scheme 3. Michael Addition of Amine-PEO-OH to Diethyl

Vinyl Phosphonate and De-esterification To Remove the Ethyl
Groups Yielding Zwitterionic Phosphonate-PEO-OH

Scheme 2. Ene-thiol Additions of 2-Mercaptoethylamine Hydrochloride (R1) and Mercaptoacetic Acid (R2) to Dimethylvinylsilyl-PEO-

OH

(31) Jones, M., Jr. Organic Chemistry, 2nd ed.; W. W. Norton and
Company: New York, 2000.
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comparing the integrations of peaks 1-4 to the integra-

tion of the methylene peak labeled 10.
For binding to magnetite, the ethyl phosphonate

groups were cleaved using bromotrimethylsilane (TMS-
Br).28 Reaction with TMS-Br yielded an intermediate bis-
trimethylsilyl ester with an alkyl halide byproduct. In the
methanolysis step of the reaction, the alcohol cleaved the
silyl ester, yielding phosphonic acid (Scheme 3). A zwit-
terionic end group was afforded in the phosphonate-
PEO-OH product (or in the corresponding phospho-
nate3-PEO-OH) at a pH less than∼10, due to the negative
charge of the phosphonate(s) and the protonated second-
ary amine(s). 1H NMR spectra confirmed that deprotec-
tion of the diethylphosphonate-PEO-OH oligomers was
complete as shown in Figure 4B. In addition to the
disappearance of the ethyl resonances in the spectrum,
there was an upfield shift (∼1.6 ppm) of the methylene
group adjacent to the phosphorus atom.
Formation of PEO-magnetite Complexes via Adsorp-

tion of the Functional PEOOligomers onto the Surfaces of

Magnetite Nanoparticles. PEO-magnetite complexes with
similar polymer loadings were formedwith the two sets of
different molecular weight PEO oligomers, then the
complexes were dialyzed against water to remove any
unbound PEO (Figure 5). Table 2 shows the polymer
loadings in the complexes determined by TGA after
dialysis and the number weighted average diameters in
water as measured by dynamic light scattering (DLS).
The compositions of the PEO-magnetite complexes were
in close agreementwith the targeted 30wt%magnetite:70
wt % polyether composition. The PEO-magnetite com-
plexes with the ammonium and zwitterionic phosphonate
anchor groups had approximately the same number
weighted average diameters, whereas the complexes with
the carboxylate anchor groups were significantly smaller.
The size of the magnetite nanoparticle core was measured
via TEM with an average diameter of 8.1 ( 2.9 nm

(Figure 6). The magnetic properties of the magnetite
nanoparticles were characterized via superconducting
quantum interference device analyses. Hysteresis loops
revealed superparamagnetic behavior and a saturation
magnetization of 80 emu g-1 of magnetite.
Determination of the Efficacies of Various Anchor

Groups for Magnetite Nanoparticles in PBS. Binding of
the polymers to the magnetite surfaces in PBS were
studied to compare the stabilities of these complexes in
a medium partially simulating physiological conditions.
Dispersions of the complexes were dialyzed against PBS
for 24 h tomeasure any polymer desorption that might be
caused by displacement by salts in the medium. The
complexes were subsequently dialyzed against water for
an additional 24 h to remove any desorbed polymer and
salts. TGAwas used to determine the polymer loadings of
the complexes before and after this process (Table 2).
Desorption of the polymer from the magnetite surface in
PBS was indicated by a decrease in polymer loading.
Large decreases in polymer loadings (∼25 wt %) were
observed for the complexes bound through carboxylate
or ammonium anchor groups. In addition, significant
sedimentation of these complexes was observed during
the PBS dialysis step, further substantiating instability in
PBS. By contrast, no loss in polymer loading was ob-
served for the complexes containing monozwitterionic
phosphonate or trizwitterionic phosphonate anchor
groups after PBS dialysis. These complexes also did not
exhibit sedimentation in the PBS during the 24 h. On the
basis of this study, it was reasoned that PEO-magnetite
nanoparticles with the zwitterionic phosphonate anchor
groups would likely have superior stability in physiolo-
gical media in comparison to ammonium or carboxylate
groups.
Investigation of Colloidal Stabilities of the PEO-

Magnetite Nanoparticle Dispersions in Water and PBS

Using DLS. Colloidal stabilities of the PEO-magnetite

Figure 4. 1H NMR of (A) a 2900 g mol-1 diethylphosphonate-PEO-OH and (B) a 2900 g mol-1 zwitterionic phosphonate-PEO-OH.
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complexes against flocculation in DI water and PBS
were examined using DLS by measuring the nanopar-
ticle diameters every 30 min for 24 h. Figure 7 shows the
diameters of the complexes containing the PEO oligo-
mers with themonoammonium anchor group. Intensity
weighted diameters are reported because of their sensi-
tivity to the presence of aggregates (because they scale
with radii to the sixth power), so that any agglomera-
tion with time is magnified. Consistent with the desorption

data, sizes of the ammonium-PEO-magnetite com-
plexes did not change significantly over 24 h in water,
whereas large increases in the diameters were observed
for the complexes in PBS. Moreover, sediment was
visually observed for the ammonium-PEO-magnetite
complexes in PBS. Based on the calculation for
the terminal velocity of a sphere (eq 1) in solution, these
magnetite complexes should settle to the bottom of
the DLS cuvette when an aggregate diameter of

Figure 5. Depiction of a trizwitterionic phosphonate-PEO-OH binding to the surface of a magnetite nanoparticle.

Table 2. Compositions of the PEO-Magnetite Nanoparticle Complexes

PEO molecular weight
(g mol-1)

anchor
group(s)

Initial polymer loading after dialysis
against H2O (Wt %) Dn (nm)

polymer loading after dialysis
against PBS (wt %)

2900 mono-carboxylate 64.7( 0.9 19.9 40.7( 1.4
8300 mono-carboxylate 68.4( 1.6 24.5 45.3( 1.4
2900 mono-ammonium 66.8( 0.8 26.8 41.0( 0.7
8300 mono-ammonium 77.1( 0.9 31.7 42.6( 0.7
2900 mono-zwitterionic phosphonate 63.3( 0.4 26.2 65.1( 1.4
8300 mono-zwitterionic phosphonate 70.2( 0.7 39.6 67.7( 0.7
3400 tri-zwitterionic phosphonate 69.0 ( 0.6 27.6 68.8( 0.4
9100 tri-zwitterionic phosphonate 70.5( 0.8 34.2 69.2( 0.8

Figure 6. (A) TEM of the magnetite nanoparticles and (B) a histogram of the particle size distribution.
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∼400-700 nm is reached19

U ¼ 2

9

r2gðFmag -FsolventÞ
μsolvent

ð1Þ

Here, U is the terminal velocity of the particle, g is the

gravitational constant, r is the particle radius, Fmag is the

density of the magnetite complex (2.3 g mL-1), Fsolvent is
the density of the solvent, and μsolvent is the viscosity of the
solvent at 25 �C. Thus, after ∼200 min in PBS, the

ammonium--PEO-magnetite complexes were likely on

the verge of sedimentation and the sizesmeasured byDLS

do not represent complexes that were at equilibrium in

terms of size.
Magnetic characterization data shows that the magne-

tite nanoparticles display superparamagnetic behavior.
The maximum potential energy of magnetic dipoles
aligned with an applied magnetic field can be estimated
by eq 2,32

VM ¼ 8πμoa
3M2

9 h
a
þ2

� �3
ð2Þ

Here, a is the particle radius,M is the magnetization, μo is
the magnetite permeability in vacuum (1.26 � 10-6 T

m/A), and h is the surface-to-surface separation of two

particles. In the presence of the Earth’s magnetic field

(0.3-0.6 Gauss), any dipole-dipole interaction is signif-

icantly smaller than the van derWaal’s interactions of the

particles (VvdW/kT=0.4, h=5nm), even at particle sizes

of 1000 nm (VM/kT = 2 � 10-7, h = 5 nm) where the

particles are settling out of suspension. Thus, van der

Waal’s forces would dominate and cause flocculation

before any magnetic dipole-dipole interaction would

become significant.
Figure 8 compares the diameters of the complexes

containing the carboxylate anchor groups in DI water
(A) and PBS (B and C). As expected, these complexes did
not increase in intensity average diameter in DI water

over time. However, flocculation was observed for the
8,300 g mol-1 carboxylate-PEO-magnetite complex in
PBS over time, and the complexes with the 2900 g mol-1

PEO aggregated to ∼100 nm in intensity weighted dia-
meter with an equilibrium diameter reached after ∼5 h.
Thus, even with polymer desorption, the PEO molecular
weight affects the behavior of these complexes in PBS. A
possible explanation for this is the difference in numbers
of polymer chains anchored to themagnetite nanoparticle
surfaces in the two cases. Each complex has approxi-
mately the same polymer loading (∼65wt%), resulting in
more total chains for the 2900 g mol-1 complexes
(∼3.0 chains nm-2) relative to the 8300 g mol-1 com-
plexes (∼1.1 chains nm-2). DLS data presented in Table 2
also shows that the complexes with carboxylate anchor
groups have significantly smaller number weighted
average diameters than their ammonium counterparts.
The smaller diameters of the complexes with the carbox-
ylate anchor groups reflect a higher local density of
polymer near the magnetite surface. As reflected in
Figures 7 and 8, the complexes with carboxylate anchor
groups also flocculate less rapidly in PBS relative to the
complexes with ammonium anchors. This can be partially
attributed to the higher polymer density around the
magnetite in the carboxylate case.
The relative colloidal stability of dispersions of these

complexes with ammonium or carboxylate end groups in
DI water versus PBS is consistent with the absence of
polymer desorption in water and significant desorption in
PBS. Based on previous work, it appears that phosphate
salts from the PBS can displace these polymer anchor
groups.9 This reduces steric repulsion and promotes
flocculation of the nanoparticles due to pair-pair van
derWaal’s interactions. Figure 9 illustrates adsorption of
phosphate salts on the magnetite surface. In PBS, the
magnetite nanoparticles cross the line of zero charge at
∼pH2.5, and this closely corresponds to the lowest pKa of
phosphonic acid. This suggests that phosphate salts from
the PBS adsorb on the magnetite surfaces.
Figure 10 shows intensity-weighted diameters of com-

plexes bound through themonozwitterionic phosphonate
anchor groups in DI water (A) and PBS (B), where
polymer desorption does not occur in either medium.

Figure 7. Intensityweighted diameters fromDLS of the 2,900 (open circles) and 8300 gmol-1 (black diamonds) ammonium-PEO-magnetite complexes in
(A) DI water and (B) PBS over 24 h.

(32) Rosensweig, R. E. Ferrohydrodynamics; Cambridge University
Press: Cambridge, U.K., 1985.
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To our surprise, although the sizes of some of these
nanoparticles remained constant over time, some of them
increased in size over time in both media, even without
polymer desorption. The hydrodynamic sizes in PBS,
however, remained significantly smaller than the analo-
gous materials containing the carboxylate or ammonium
anchors, and this result was deemed promising.
Figure 11 compares intensity-weighted diameters of the

complexes containing the PEO with one phosphonate
zwitterion anchor group over time in DI water and a
0.17 M NaCl solution (same ionic strength as the PBS).
No difference in size was observed for the complex with
the 2900 g mol-1 PEO in the salt solution, and better
stability was observed for the 8300 gmol-1 complex in the
salt solution. This indicates that it is not the ionic strength

of the PBS that induces flocculation in these cases. The
slight aggregation of the complex with the 8300 g mol-1

PEO in DI water appears to be due to attractive electro-
static forces that are screened when the complex is in 0.17
M NaCl. The reduction in Debye length with sodium
chloride appears to reduce the electrostatic attraction.
Additionally, the stability of the 2900 g mol-1 complex in
DI water indicates that a denser polymer brush layer also
prevents aggregation.
On the basis of the data discussed above, PEO-

magnetite complexes containing one zwitterionic phospho-
nate anchor group showed significant improvement over
the other anchor groups, but long-term colloidal stability
was still not achieved. To address this issue, three phos-
phonate zwitterions, all on one end of the PEO oligomers,
were investigated as anchor groups to probe any effect of
cooperative binding and/or of each chain having a larger
“footprint” on the magnetite surface. Figure 12 shows the
intensity-weighted diameters of PEO-magnetite com-
plexes bound through trizwitterionic phosphonates in (A)
DI water and (B) PBS. Long-term colloidal size stability
was observed for the 3400 and 9100 g mol-1 trizwitterionic
phosphonate PEO-magnetite complexes in both media.
Thus, at similar polymer loadings, three phosphonate
anchor groups on the polymer chain end yielded complexes
that did not undergo polymer desorption AND they did
not aggregate over 24 h in PBS.
We hypothesize that the size stability of the zwitterionic

phosphonate3-PEO-magnetite complexes in PBS can be

Figure 8. DLS intensityweighted diameters of the 2900 (open circles) and 8300 gmol-1 (black diamonds) of carboxylate-PEO-magnetite complexes in (A)
DI water and (B) PBS over 24 h. A magnified plot of the 2900 g mol-1 carboxylate-PEO-magnetite complex in PBS is shown in (C).

Figure 9. Zeta potentials indicate the charge characteristics of magnetite
nanoparticle surfaces in DI water versus PBS.
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primarily attributed to high magnetite nanoparticle surface

coverage.McDermott et al. performedquartz crystalmicro-

balance experiments on octadecylphosphonate adsorbed

onto SiO2 in THF (a good solvent) and determined the
footprint of the phosphonate group to be 18.5 Å2.33 Assum-

ing this applies to our system, for a magnetite sphere with a

radiusof 4.0nmthere is 145nm2of available surface area, or

enough space for 734 zwitterionic phosphonate groups to

adsorb. We can calculate the total number of chains per

particle for each complex and then calculate how much

of the available surface area is taken up by each chain

depending on whether there are one or three zwitterionic

phosphonate anchor groups. Assuming every zwitterionic

Figure 11. DLS intensity weighted diameters of (A) the 2900 g mol-1 monozwitterionic phosphonate-PEO-magnetite complex in DI water (black
diamonds) and 0.17 M NaCl (open circles), and (B) the 8300 g mol-1 monozwitterionic phosphonate-PEO-magnetite complex in DI water (black
diamonds) and 0.17 M NaCl (open circles).

Figure 12. Intensity weighted diameters of the 3400 (open circles) and 9100 g mol-1 (black diamonds) trizwitterionic phosphonate-PEO-magnetite
complexes in (A) DI water and (B) PBS over 24 h.

Figure 10. DLS intensity weighted diameters of the 2900 (open circles) and 8300 g mol-1 (black diamonds) monozwitterionic phosphona-
te-PEO-magnetite complexes in (A) DI water and (B) PBS over 24 h.

(33) McDermott, J. E.;McDowell,M.; Hill, I. G.; Hwang, J.; Kahn, A.;
Bernasek, S. L.; Schwartz, J. J. Phys. Chem. A 2007, 111, 12333–
12338.
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phosphonate group is adsorbed on the surface, the 2900
and 8300 g mol-1 monozwitterionic phosphonate com-
plexes and the 3400 and 9100 g mol-1 trizwitterionic
phosphonate complexes have 83%, 36%, >100%, and
>100% surface coverage, respectively. Thus, the complex
with the most available magnetite surface area also shows
aggregation in DI water (Figure 11B). At constant polymer
loading, decreasing the PEOmolecular weight increases the
total number of chains and anchor groups and eliminates
this aggregation in DI water. Moreover, by increasing the
number of anchor groups 3-fold, the predicted surface
coverage increases substantially, as do the stabilities of the
complexes in both DI water and PBS. This shows that by
increasing the total number of anchor groups, either
through reduction of molecular weight (more chains nm-2)
or by increasing the number of anchor groups per chain
(trizwitterionic phosphonate anchor group), the colloidal
stability of these materials can be controlled in PBS.
We also suspect that the aggregation observed in

DI water for complexes with the 8300 g mol-1 mono-
zwitterionic phosphonate anchor group was likely due to
an interaction between the magnetite of one complex and
the anchor groups of another complex. Were this aggre-
gation due to an interaction between anchor groups of
different complexes, we would expect to observe more
aggregation with an increase in the number of anchor
groups. However, we see no aggregation of the trizwitter-
ionic phosphonate complexes in DI water, and this
indicates that the critical variable is not an interaction
between anchor groups, but rather the availability of the
magnetite surface.

Conclusions

It is clear that the phosphonate zwitterion end groups
remain stably bound to the magnetite in either water or

PBS, whereas the carboxylate and ammonium end groups
allow the polymers to desorb in PBS. The colloidal insta-
bilities of the carboxylate and ammonium complexes
are attributed to polymer desorption from the surface of
the magnetite nanoparticles in the presence of phosphate
salts.9

The fact that PEO-magnetite complexes with phospho-
nate zwitterions remained stably bound in PBS allowed us
to consider colloidal size stabilities in light of the density of
chains, molecular weights of the bound chains and the
predicted surface coverage (i.e., the possible footprint of a
trifunctional vs monofunctional zwitterionic phosphonate
chain). The improved colloidal size stability of complexes
with the trizwitterionic phosphonate anchor groups is likely
due to an increase in surface coverage associated with the
multiple anchor groups. For a given polymer loading, the
availability of the magnetite surface can also be reduced by
shortening the polymer molecular weight, which increases
the total number of adsorbed chains.
TGA data confirmed that neither of the novel monoz-

witterionic phosphonate or the trizwitterionic phospho-
nate-anchored polyethers desorbed from the magnetite
surface upon exposure to PBS. Coupled with no measur-
able aggregation of the trizwitterionic phosphonate poly-
ether-magnetite complexes in PBS, these seem to be the
best-suited complexes for applications that occur in
physiological conditions.
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