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There are a number of strategies in molecular nanoscience to prepare stabilized magnetic nanocomposites,
including the use of polymeric surfactants. Ring-opening metathesis polymerization (ROMP) was used
to prepare a series of novel, well-defined diblock copolymers of bicyclo[2.2.1]hept-5-ene 2-carboxylic
acid 2-cyanoethyl ester and bicyclo[2.2.1]hept-2-ene, consisting of both anchoring and steric stabilizing
blocks. Cyanoester groups were incorporated into the norbornene polymers to chelate and stabilize iron
oxide magnetic nanopatrticles. These polynorbornene-based copolymers were characterized by GPC, along
with *H NMR, FTIR, DSC, and TGA. Nanostructured maghemiteF603) magnetic ferrofluids were
prepared using diblock copolymers as stabilizers in toluene or cyclohexanone, via thermal decomposition
of Fe(CO} and subsequent oxidation of the iron nanoparticles. Transmission electron microscopic images
showed a highly crystalline structure of monodispergdte,O3; nanoparticles, with average particle sizes

varying from 5 to 7 nm.

Introduction

nonmagnetic media to disperse magnetic nanoparticles,

Nanoparticle materials have become the focus of increas-forming self-assembled polymer nanocomposites in ferro-
ing interest in recent years. With particle diameters in the fluids. On one hand, the polymer matrix acts as a stabilizer

range of 10 nm, these materials can exhibit novel

or controls the particle size; on the other hand, it determines

electronic, optical, magnetic, and chemical properties due the physicochemical properties of the material or allows
to their extremely small dimensioA<Controlled synthesis surface funcyonallzatlohln such polymeric nanocomposites,
and assembly of small magnetic nanoparticles have potentiafthe polymer is often only weakly bound to the metal particles.

applications in ultra-high-density magnetic recording,
advanced nanocomposite permanent maghetsgnetic
ferrofluids, and medical imagingGrowing attention is paid
to ferrous magnetic nanoparticles, such as maghermite (
Fe0s) and magnetite (R©,4). Due to high magnetization,
high magnetic susceptibility, and low toxicity, these iron

However, with freedom in molecular design, block copoly-
mers can be functionalized with a strongly binding headgroup
(anchoring block), binding more securely and densely on the
metal surfacé® Our efforts have focused on studies of
copolymer systems containing both anchoring (binding
headgroup) and steric stabilizing blocks (Figure 1). Thus,

oxide nanoparticles are promising candidates in magneticthe “iron-loving” binding headgroup of block copolymers

resonance imaging and drug delivéry.

(siderophore) can chelate and interact with iron or iron oxide

The tendency of magnetic nanoparticles to aggregate andhanoparticle surfaces and the steric stabilizing block will
form clusters is a major obstacle in assembling magnetic Prevent metal nanoparticle aggregation.

nanoparticle compositésVhen surfactants are used, stabi-

It is important to choose a polymerization method that

lized magnetic dispersions in a particular fluid are promoted tolerates iron-chelating groups and can lead to controlled

by the adsorption or reaction of steric or electrostatic
stabilizers, which prevent the coagulation of the metal
particles® Polymeric materials are one of the most suitable
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molecular weight. Ring-opening metathesis polymerization
(ROMP) is a variant of the olefin metathesis reaction. The
reaction uses strained cyclic olefins to produce stereoregular
and monodisperse polymers and copolynitlshas attracted
growing interest because of its capability of producing a wide
range of functionalized polymers with control over polymer
molecular weight and structure by well-defined living ROMP
catalysts that are unable to be prepared by other polymeri-
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AB
diblock copolymer

Figure 1. lllustration of block copolymer stabilization of metallic nano-
particles.

zation method&?-1* Ruthenium catalysts, such as Grubbs’
catalyst and Schrock’s Mo ROMP catalysts, have found wide
use in the synthesis of block copolymétsffording control
over many aspects of the polymer assembly, including
molecular weight, molecular weight distribution, alkene
backbone configuration, and in some cases, tacti€ity.
Particularly, ruthenium alkylidene complexes have signifi-

cantly broadened the scope of the reaction due to their

substantial tolerance of heteroatom-containing functional
groups that had poisoned earlier catalysts.
Block copolymer nanoparticles have been formed by the
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Scheme 1
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polymer with high thermal stability, optical transparency, and
low dielectric constant with potential applications. Our
previous study/ demonstrated that the cyano group (CN) is
a good chelating group for iron oxide nanoparticles. Thus,
we developed strategies to functionalize norbornene with a
—CN group as the nanoparticle anchoring gr8up'ia living
ROMP, well-defined diblock copolymer with relatively

low polydispersity and narrow molecular distribution were
prepared. The molar ratio of anchoring block (binding
headgroup) and steric block (more hydrophobic) were altered
to study its effects on the polymer thermal stability and
ferrofluid stability. An ultimate block ratio was found that
affords good control of the magnetic nanopatrticle size and
morphology.

Experimental Section

Materials. Bicyclo[2.2.1]hept-5-ene 2-carboxylic acki(98%,

assembly of polymers synthesized by a variety of procedures,mixture of endo and exd, norbornylene (99%), trimethylamine

such as anionic polymerization and atom transfer radical
polymerization31° A major drawback for many applications
is still the lack of well-defined morphology and size of
nanoparticles. It was fouAt?® that ROMP provides a
particularly attractive route to the formation of polymeric
nanostructures of controlled dimensions, and recently for
magnetic nanoparticle stabilizatiéh?> Norbornene-based
monomers are characterized with high ring strain. The high

N-oxide (98%), tris(hydroxymethyl)phosphine, and bis(tricyclo-
hexylphosphine)-benzylideneruthenium dichloddgRuCL(CHPh)-
[P(CsH11)3]2} (Grubbs’ catalyst) were purchased from Aldrich and
used as received. 3-Hydroxypropionitrile (98%, Acros) and Fe-
(CO) (99.5%, Strem) were also used as-received,@1and
CHCI; were dried over Caldand CaCJ, respectively, and distilled
before use.

Instruments and Methods. Thermogravimetric analysis (TGA)
was performed with a TA Instruments model 2050 thermogravi-

ring strain of the bicyclic structure may compensate to SOME metric analyzer. The temperature range used was from room
degree for the retarding effect caused by the interaction of temperature to 800 or 100 at a rate of 20C /min. All the

functional substituents with active centers of metathesis,
which cannot be achieved by functionalized derivatives of
low-strain cycloolefing® Poly(norbornene) is an amorphous

(12) Katayama, H.; Fukuse, Y.; Nobuto, Y.; Akamatsu, K.; Ozawa, F.
Macromolecule2003 36, 7020.

(13) Maughon, B. R.; Grubbs, R. Hlacromolecules 997 30, 3459.

(14) Schrock, R. RRing-Opening Polymerization: Mechanisms, Catalysis,
Structure, and Utility Brunelle, D. J., Ed.; Hanser Publishers: Munich,
1993; Chapter 4: Rin@pening Metathesis Polymerization, p 129.

(15) Ahmed, S. R.; Bullock, S. E.; Cresce, A. V.; Kofinas, Falymer
2003 44, 4943.

(16) Gibson, V. C.; Okada, ™Macromolecule®00Q 33, 655.

(17) Adlhart, C.; Hinderling, C.; Baumann, H.; ChenJPAm. Chem. Soc.
200Q 122, 8204.

(18) Liu, S.Y.; Weaver, J. V. M.; Save, M.; Armes, S.LRingmuir2002
18, 8350.

(19) Pyun, J.; Jia, S.; Kowalewski, T.; Patterson, G. D.; Matyjaszewski,
K. Macromolecule2003 36, 5094.

(20) Carrillo, A.; Kane, R. SJ. Polym. Sci., Part A: Polym. Cher2004
42, 3352.

(21) Bazan, G. C.; Schrock, R. R.; Cho, H. N.; Gibson, VMacromol-
ecules199], 24, 4495.

(22) Schrock, R. RTetrahedron1999 55, 8141.

(23) Kanaoka, S.; Grubbs, R. iMacromoleculesl995 28, 4707.

(24) Sohn, B. H.; Cohen, R. EEhem. Mater1997 9, 264.

(25) Sohn, B. H.; Cohen, R. E.; Papaefthymiou, G.JCMagn. Magn.
Mater. 1998 182, 216.

(26) Imgmoglu, Y .Metathesis Polymerization of Olefins and Polymerization
of AlkynesKluwer Academic Publishers: Dordrecht, 1998; pp 489
199.

samples were dried under vacuum for 2 days before measurement.
Differential scanning calorimetry (DSC) was conducted with a TA
Instruments 2920 differential scanning calorimeter. The temperature
range was from-10 to 250°C at a rate of 10C /min.*H NMR
and3C NMR spectra were acquired on a Varian Mercury Gemini
spectrometer at 300 and 75 MHz, respectively. CD@ls used as

the solvent for both monomer and diblock copolymers. X-ray
diffraction (XRD) (Multiplex RigakuA = 0.154 nm) was used for

all the powder X-ray diffraction pattern spectra. Transmission
electron microscopy (TEM) was accomplished using a FEI Tecnai
F30 instrument. The samples were prepared by depositing nano-
particle fluids on a TEM copper sample holder. Gel permeation
chromatography (GPC) was conducted with a Waters 2414 refrac-
tive index detector, Waters 2996 photodiode array, and Waters 1525
binary HPLC pump (THF as the mobile phase, flow rate at 0.3
mL/min).

Synthesis of Bicyclo[2.2.1]hept-5-ene 2-carboxylic Acid 2-
Cyanoethyl Ester 3.The synthetic strateg$2° is illustrated in
Scheme 1. Specifically, a mixture ehdo-andexcbicyclo[2.2.1]-
hept-5-en-2-carboxylic aci@ (18.0 g, 130 mmol) and thionyl

(27) Belfield, K. D.; Wang, Y.Polym. Prepr.2003 44 (1), 1124.

(28) Bueno, M. P.; Cativiela, C.; Mayoral, J. A.; Avenoza, A.; Charro, P.;
Roy, M. A.; Andres, J. MCan. J. Chem1988 66, 2826.
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Scheme 2
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chloride (25.8, 217 mmol) in dry CHglwere refluxed under
nitrogen for 3 h. Next, the solvent was removed under reduced
pressure with a rotary evaporator and the residue was distilled at
0.75 Torr (40°C) to generate the acid chloride in 80% yield. The
acid chloride (10.0 g, 64 mmol) was then diluted with 20 mL of
dry CHCL and added over 60 min to a mixture of,N-
dimethylaniline (15.5 g, 128 mmol) and 3-hydroxypropionitrile
(11.4 g, 160 mmol) at @C. The mixture was stirred at room
temperature for 1 h. After the addition was completed, it was heated
to reflux with stirring for another 12 h. When the reaction was
completed, 65 mL ©6 N H,SO, was used to quench the reaction

Chem. Mater., Vol. 18, No. 25, Z80&%1L

Table 1. Target Block Ratio (m:n) of Five Diblock Copolymers
(INORCOOCH ;CH,CN][NOR] ), Related Molar Feed Ratio of
Monomers and Catalyst, and Reaction Yield

block ratio yield

entries [NORCOOCHKCH.CNJ/[I] [NORJ/[I] (target) (%)
1 200 20 200:20 88
2 100 20 100:20 92
3 100 100 100:100 91
4 100 200 100:200 90
5 100 700 100:700 93

purification proces#: resulting in a gray to white flaky solid (88%
93% yield).'H NMR (300 MHz, CDC}) of 1:1 diblock copoly-
mer: 5.12-5.53 (br, 4H, vinylic), 4.14-4.28 (br, 2H), 2.552.97
(br, 4H), 2.272.50 (br, 2H), 1.59-2.14 (br, 6H), 1.19-1.50 (br,
3H), 0.94-1.15 (br, 2H).

Preparation of Stabilized Magnetic Nanoparticle Dispersions.
In preparation of stabilized monodisperse iron oxide nanocrystals
within block copolymer matrixes, known methééieere modified

at 0 °C. The organic and aqueous layers were separated. Theas follows: the diblock copolymer was dissolved in cyclohexanone,
aqueous layer was extracted with ethyl ether three times, and thel,4-dioxane, or toluene and heated to 2@Qfollowed by addition

organic extracts were combined,$0, (50 mL, 6 N) was used to
wash the extract, followed by washing with>2 60 mL of H,O
and KCO; (10% aqueous solution, 2 60 mL) to neutralize
residual HSGO,. Finally, saturated Nagl) (30 mL) was added to
“salt out” the organic product. The solvent was evaporated after
the mixture was dried over anhydrous4S&,. Reduced pressure
fractional distillation was performed at 0.75 Torr (31417 °C),
affording 10.1 g of colorless oilehdoand exo mixture) in 83%
yield. 'H NMR (300 MHz, CDC}): ¢ 6.20-6.22 (ddJ= 3.0, 5.6
Hz, 1H, endcolefinic CH), 6.14-6.17 (dd,J = 2.8, 5.6 Hz, 1H,
excoolefinic CH), 6.16-6.13 (dd,J = 2.9, 5.3 Hz, 1Hexoolefinic
CH), 5.95-5.98 (dd,J = 2.8, 5.6 Hz, 1Hendeolefinic CH), 4.17
4.32 (m, 2H), 3.25 (s, 1Hnd9, 3.07 (s, 1Hex0, 2.98-3.04 (m,
1H, endg, 2.93 (s, 1H), 2.6%2.76 (m, 2H), 2.26:2.31 (m, 1H
ex9, 1.90-1.98 (m, 1H), 1.56-1.53 (d,J = 8.3 Hz, 1H,ex0,
1.38-1.49 (br, 2H), 1.29-1.32 (d,J = 8.1 Hz, 1H,endq. 1*C NMR
(75 MHz, CDCE): 6 (endg 174.3, 138.3, 132.3, 117.2, 58.8, 50.0,
46.1, 43.5, 42.9, 29.6, 18.5; (exg 175.8, 138.3, 135.8, 117.1,
58.9, 47.0, 46.7, 43.3, 42.0, 30.8, 18.5. Anal. Calcd faHz:0,N
(191.09): C, 69.09; H, 6.85; N, 7.32. Found: C, 69.06; H, 6.85;
N, 7.34. GC-MS (El, 70 eV):m/z 191.02 (M, Calcd 191.09),
fragmentatiomvz 121 (—-OCH,CH,CN, 9.1),n/z 93 (-COOCH-
CH,CN, 9.2),m/z 91 (GH7", 13.6),m/z 66 (GHe", 100).

General Procedure for Preparation of Polymer 4 by ROMP
of Bicyclo[2.2.1]hept-5-ene 2-carboxylic Acid 2-Cyanoethyl Ester
and Bicyclo[2.2.1]hept-2-ene (2)ROMP of the cyanoethyl ester
monomer 3 with initiator 1 was accomplished according to a
literature metho#-3*and shown in Scheme 2. Generally, a catalyst
solution (6.4 x 1073 M) was prepared by dissolving Grubbs’
catalyst in dry CHCI,. The cyanoethyl ester monomer was diluted
in dry CHCI, to 0.24 M and purged with N After complete
degassing, the catalyst solution was injected into the monomer
solution via syringe. The pink solution was stirred at room
temperature under Nfor 1 h. Then, the second monomer,
norbornene, was injected into the “living” reaction mixture, and
the solution was stirred for another 24 h at room temperature. The
color of the solution changed from pink to dark brown. The
polymerization was terminated by the addition of 500 equiv of ethy
vinyl ether. After termination, the solution was stirred for an
additional 30 min. The reaction mixture was then poured into excess
methanol with stirring, and the precipitates went through a further

of Fe(CO} to the polymer solution and reflux for 2 h. Fe(GO)
underwent thermal decomposition, creating Fe nanopatrticles, and
the color of the solution changed gradually from yellow orange to
brown. After the solution was cooled to room temperature,
trimethylamineN-oxide was added to oxidize the iron nanoparticles.
Upon reflux for anothe4 h under N, the solution finally changed
color to black and was cooled to room temperature. Stabilized
y-Fe,0s dispersions were observed. Polymer-stabilizeBe,0O3
nanoparticles were obtained by addition of ethanol to the magnetic
nanoparticle dispersions to yield a black powder precipitate and
then separation by centrifugation.

Results and Discussion

Monomer Preparation. Synthesis of3 is illustrated in
Scheme 1. The first step of the synthesis was to generate
the acid chloride intermediate by treatmen®afith thionyl
chloride. The esterification reaction of the acid chloride with
3-hydroxypropanenitrile was straightforward and high yield-
ing. After fraction distillation, the monomer was dried under
vacuum for 24 h. Compared with the starting mate2jghe
—OH group was absent in the produét NMR spectrum
and two—CHj, proton peaks appeared at 2.75 and 2.75 ppm.
The characteristic norbornene vinyl proton peaks were
present in both spectra (6.66.25 ppm). The'3C NMR
spectrum showed three new peaks at 18.5, 58.8, and 117.2
ppm, due to the cyanoethyl ester group.

ROMP To Form Diblock Copolymers 4. Five diblock
copolymers with different molar ratios between the anchoring
and steric blocks were synthesized according to the feed
listed in Table 1. Under mild conditions (room temperature),
Grubbs catalystl was used for ROMP according to the
procedure described in the Experimental Section (Scheme
2). Grubbs’ catalyst is an air- and water-sensitive metal
complex. For effective initiation, the reactions were per-
formed in a dry N or Ar-protected environment. The
glassware was dried overnight and &1} was distilled over
calcium hydride just before use. To ensure the reaction was
“living”, the rate of propagation ideally should be ap-

(30) Wu, Z.; Benedicto, A. D.; Grubbs, R. acromolecules993 26,
4975.
(31) Liaw, D. J.; Huang, C. C.; Wu, P. IRolymer2001 42, 9371.

(32) Maynard, H. D.; Grubbs. R. Hetrahedron Lett1999 40, 4137.
(33) Hyeon, T.; Lee, S. S.; Park, J.; Chung, Y.; Bin, N. HJBAm. Chem.
So0c.2001, 123 12798.
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Figure 2. ™H NMR spectra of (A) 7:1 diblock copolymer, (B) 3:1 diblock copolymer, (C) 1:1 diblock copolymer, (D) 1:3 diblock copolymer, and (E) 1:10
diblock copolymer.

Table 2. Block Ratio and Molecular Weight of Diblock Copolymers NMR. The completion of the polymerization was indicated

blockrato mn Mg mn® M. blockratig  PDIE by the total disappearance of monomer olefin proton peaks
(target)  (target) (theo) (NMR) (GPC) (calculated) (Mw/Mn) at 6.05-6.25 ppm and appearance of polymer backbone
gggiig 150111 22828 ;i ggi?g %ggigg iég olefinic proton signals at 5.185.55 ppm. The reaction took
100:100 11 28500 141 27720 9798 152 !onger as -the amount of cyanoethyl ester monomer was
100:200 1:2 37900 1:3 35770  76:227 1.27 increased in the first step of ROMP. After all the first block
100:700 17 84900 1:10 71230  63:630 137 monomer was consumed, norbornene was added to form the

3 Theoretical molecular weights were calculated according to [monomer]/ second block in the living polymer mixture. It took the same

[initiator] ratio. ® m:n calculated frontH NMR. ¢ Number average molecular ; oAt
weight (M) and polydispersity index (PDI) determined by GPC in THF time to complete the second stage of polymerization.

and reported relative to polystyrene standafd@ased on thenn ratio fc_)und One of the biggest challenges in the prepa_ration of this
Eglrc"ullaHteg.MR and My found from GPC, the polymer block ratio was  garias of diblock copolymers was removing the highly
colored ruthenium catalyst from the polymer. The residual
ruthenium can cause problems such as olefin isomerization
during heating the product, decomposition over time, and
the increased toxicity of the final materidfsAfter precipita-
tion of the polymer mixture into vigorously stirred, cold
methanol, in most cases brown crude polymers were obtained
that contained Ru, even after repeated precipitation. A few
literature reports used short columns of silica gel to remove
some impurities after ROMP:35According to the solubility

proximately the same order of magnitude as the rate of
initiation.!* If propagation starts after full initiation of
monomers, the number of polymer chains will be equal to
the molar ratio of monomer to initiator [M]/[}* In the case

of entry 1 (Table 1), in the first stage of polymerization, the
molar amount of norbornene cyanoethyl ester monomer
[NORCOOCHCH,CN] was 200 times that of the initiator.
Theoretically, the degree of polymerizatiam)(for the first

block should be 200, which is expressed as [NORCO@CH . ) o
CH,CN]200 According to [NOR]J/[I]= 20, the target diblock of the diblock copolymers prepared here, OB THF =

copolymer was obtained as [NORCOOSHH,CN]soc 4:1 was chosen as the mop_ne phase for elution of the polymer
[NORJ0. solution through a short silica gel column. It turned out that

a much longer time was needed to elute out the polymers

Monomer consumption was monitored using TLC (cy- - -
when part of the catalyst was still remaining.

clohexane:ethyl acetate 3:1 as the mobile phase) afid

(34) Lynn, D. M.; Kanaoka, S.; Grubbs, R. H. Am. Chem. Sod.996 (35) Bielawski, C. W.; Benitez, D.; Morita, T.; Grubbs, R. Macromol-
118,784. ecules2001, 34, 8610.



Norbornene-Functionalized Diblock Copolymers Chem. Mater., Vol. 18, No. 25, 2083

12

l (A) N (B)-m
o I 1004 \
100 3 hl L
\
Fog
20
B0 -
o
oo o6
- z £ £
£ Z £ e &
FE—— -3 E
;‘ H bos =
2
-1 404
401 Foz
204
20 Foo
T 02
§ . i 02 100 00 300 a0 500 00 00
200 00 800 a00 Temperature (°C)
Temperatura (“C]
120 2
a
100 a0
Los
&0
& a0 g
& fes 2 g £
z B £ &
- ] E
i e - 8
H 40+ 3
404
Loz
. 204
T oo
70 & &0 aho " 3 ; ; 502
200 400 00 200
Temperature (C) Temperature ("G}
120 12
1.0
100
08
804
53
Fos ]
z 2
E " g
04 =
8
-1
404
o2
20 Loo
[ 42
200 ) 600 a0q

Temparature [°C)

Figure 3. TGA analysis of (A) 7:1 diblock copolymer, (B) 3:1 diblock copolymer, (C) 1:1 diblock copolymer, (D) 1:3 diblock copolymer, and (E) 1:10
diblock copolymer.

An alternative technique for the removal of ruthenium phosphine had been coordinated to the rutherffulhwas
from olefin metathesis reaction produ€t®r the ring-closing also known that the phosphine is polar and is able to graft
metathesis (RCM) products (small molecules) was then tried onto silica gef° With running of the polymer solution, which
and proved useful for ROMP products (polymers). It has was treated with the phosphine solution, through a short silica
been reported that tris(hydroxymethyl)phosphine can readily gel column or stirring of the polymer solution with silica
coordinate to the ruthenium, resulting in a water-soluble gel, the ruthenium catalyst was removed.
complex35-37 When the crude product containing ruthenium  Characterization of Diblock Copolymers 4.'H NMR
was added to a solution of the phosphine and triethylamine spectra of five diblock copolymers after purification are
in CHyCl,, the color of the solution changed from black- shown in Figure 2. The vinylic proton peaks at 6.00 and
brown to pale yellow within several minutes, indicating that 6.25 ppm for norbornene and its cyanoethyl ester derivative

disappeared, and the diblock copolymer had new vinyl

(36) Ellis, J. W.; Harrison, K. N.; Hoye, P. A.; Orpen, A. G.; Pringle, P.
G.; Smith, M. B.Inorg. Chem.1992 31, 3026. (38) Driessen-Holscher, B.; Heinen, Jl. Organomet. Cheni998 570,
(37) Higham, L.; Powell, A. K.; Whittlesey, M. K.; Wocadlo, S.; Wood, 141.
P. T.Chem. Commurl99§ 1107. (39) Shido, T.; Okazaki, T.; Ichikawa, M. Catal.1995 157, 436.
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e The thermal stability of the diblock copolymers was

e

evaluated by TGA. The results are shown in Figure 3.
Different ratios between the two blocks had pronounced and
predictable effects on the thermal stability of the copolymers.
It was found that the pendent cyanoethyl ester chains
decomposed before the norbornene backbone. The first peak
on the TGA indicated the decomposition of cyanoethyl ester
side chain, and the second peak resulted from decomposition
of the polymer backbone. When the amount of the cyanoethyl
ester group in the copolymer was decreased, the first
decomposition peak appeared at a higher temperature,
© ; indicating higher stability of the copolymer. For example,
Figure 4. Comparison of (A)y-Fe03 nanoparticles stabilized by diblock  the (cyanoethyl ester)-rich copolymer (7:1) had decomposi-
copolymer in solvent and (B) nanopatrticles dispersed in pure solvent without . .
diblock copolymer. The polymemanoparticle solution (A) had 1.25 wt tion temperatures at 320 and 470 while the norbornene-
% of diblock copolymer and 0.23 wt % iron oxide nanoparticles }(€g.0s rich copolymer (1:10) had a thermal decomposition at 450

nanoparticles magnetic fluids stabilized by diblock copolymer under and 600°C, respectively.
magnetic force. ’

E
! 7
B)

The homopolymer of norbornene hadrgof 40 °C and
the homopolymer of norbornene with pendent cyanoethyl
protons in the range 5.18.55 ppm. FrontH NMR spectral ester side chains had B of 50 °C. The DSC analysis
analysis, the ratio betweenandn was estimated according revealed that diblock copolymers 7:1, 3:1, 1:1, 1:3, and 1:10
to the ratio of two blocks’ vinyl proton integration. For hadTy's at 50, 47, 45, 44, and 4ZC, respectively, which
example, in Figure 2a, the new vinyl proton peak at 5.25 match well with the calculatedy values (49, 48, 46, 44,
5.52 ppm indicated four proton units resulting from both and 41°C, respectively) from the Fox equation,
blocks of the copolymer backbone. The methylene peak (two

proton units) at 4.244.41 ppm was due to the cyanoethyl 1_W, n W 1)
ester pendent chain, which is equal to the integration area T, Tea Too

of the two vinyl proton units from the same block backbone.
It was found that the integration of the vinyl peak and the whereT,,and Ty , are the glass transition temperatures of
methylene peak was 1.05 and 0.92, respectively. Thus, thethe homopolymers a and BV, and W, are the weight
vinyl integration from the first block was 0.92, the same as fractions of polymers a and b.
its methylene peak integration. The second block’s vinyl  Generation of Magnetic Nanoparticle Dispersionsiron
proton integration was 0.13 (1.69.92), resulting iim:n = oxide nanoparticles, includingFe,0; and FgO4, have been
0.92:0.13= 7:1. When the same methodology was used, the synthesized by using microemulsion, sonication, and other
actualm to n values for all five diblock copolymers were  methods. However, particle size uniformity and crystallinity
determined (Table 2). of these nanoparticles are comparatively poor. Hyeon%t all.
Molecular weights were determined by GPC using a recently reported a novel nonhydrolytic synthetic method of
universal calibration curve obtained from polystyrene stan- fabricating highly crystalline and monodispergeFe,0;
dards. The actual molecular weight values were in close nanocrystalline particles. StabilizegtFe;0; nanoparticle
agreement with the calculated theoretical molecular weights ferrofluids were generated within norbornene diblock co-
Mn,theo (Table 2).Mnmeo Was calculated in accordance with  polymer systems via a slight modification of this procedure
the target block ratios. For instance, the molecular weights (Figure 4). Figure 4b shows that the nanoparticle precipitated
of the first and the second repeat unit were 191 and 94, out when dispersed in solvent alone. In contrast, stabilized
respectively; if the target block ratio was 200:20, thd{tneo ferrofluids were formed in the presence of norbornene
= (191 x 200) + (94 x 20) = 40080. diblock copolymers as surfactant stabilizers (Figure 4a). In

The monomer concentration had an effect on the rate of @ simple qualitative demonstratioy,Fe,0; nanocomposite
propagation in the first stage in the ROMP. The specific stabilized ferrofluids, generated with the diblock copolymers,
functional group of the norbornene monomer affected the Were placed under magnetic force. Obvious movement
polydispersity index (PDI) of ROMP polymers. It was (Figure 4c) was observed even with a weak magnetic force,
reported that the homopolymer of norbornene had a PDI of an indication of high magnetism of the synthesizeBe,0;

2.0 when initiated with Grubbs’ catalydtin ROMP® due ~ Nanoparticles.
to the higher rate of propagation of norbornene than that of High-resolution TEM images (Figures 5) show good
initiation.’> With known monomer concentration, after control of nanoparticle morphology and size using the
complete polymerization of monom& unfunctionalized  functionalized norbornene diblock copolymers with anchor-
norbornene was added as the second polymer block. It wasng and steric blocks. The spherical magnetic nanoparticles,
found that synthesized diblock copolymers had lower PDI with average diameter of-57 nm, were found in all the
(Table 2) than the norbornene homopolymer. ferrofluids prepared. Generally, nanoparticles stabilized by
cyano (CN) rich diblock copolymers exhibited less aggrega-
(40) Schwab, P.; Grubbs, R. H.; Ziller, J. \W. Am. Chem. Sod.996 tion than that with norbornene-rich diblock copolymers. For
118, 100. exampley-Fe,0z nanoparticles were better dispersed by 7:1,
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Figure 5. High-resolution TEM image of maghemitg-Fe,0s) nanoparticle dispersions stabilized by (A) 7:1 diblock copolymer, (B) 3:1 diblock copolymer
(less aggregation), (C) 1:1 diblock copolymer, (D) 1:3 diblock copolymer, and (E) 1:10 diblock copolymer (more aggregation), in cyclohexanone.

5000 -

3:1, and 1:1 diblock copolymers (Figures3ac) than when (311)

1:3 and 1:10 diblock copolymers (Figures 5d and 5e) were 4500 (422) 511 (440)
used that possess fewer anchoring groupSN). The first ;m: i (400) (311)
number in the ratio refers to the CN-containing block while £

the second number is the unsubstituted norbornene block.2 4000 -
However, this does not necessarily mean that the richer the
polymer is in—CN groups, the better the dispersions. An
ultimate ratio between copolymer two blocks was found to
create nanoparticles of relatively uniform size and good 3000 i i i i i i i i i X

1

Intens

3500

dispersion. When magnetic fluids formed using 7:1, 3:1, and 20 25 30 35 40 45 50 55 60 65 70
1:1 cyano-rich diblock copolymers were compared, it was 20

found that the 1:1 diblock copolymer (Figure 4c) provided Figure 6. X-ray diffraction (XRD) pattern of synthesizedFe;03 magnetic
the best stabilization of magnetic nanoparticles. nanoparticles.

The effect of solvent on nanoparticle formation was also
evaluated by generating the iron-based nanoparticles in situ
in various solvents, such as 1,4-dioxane, toluene, and A cyanoethyl derivative of norbornene carboxylic acid was
cyclohexanone. It was found thatFeOs; nanoparticles ~ synthesized to prepare a series of relatively low polydisper-
synthesized in the higher boiling point solvent, cyclohex- Sity (narrow molecular weight distribution), well-defined
anone, afforded nanoparticles with a nice crystal lattice diblock copolymers, functionalized with varied ratios of
structure. This is likely due to the fact that after each reflux @nchoring and steric blocks, via living ROMP. The molar
step the reaction mixture was cooled to room temperature; ratios between the two blocks of the diblock copolymers were

the higher the temperature of the mixture, the longer the time estimated from'H NMR, and the actual number of two
for nanoparticle crystal formation. blocks was calculated from GPC results. TGA results

] ] ) indicated that the diblock copolymers possessed good thermal
The X-ray powder diffraction pattern (Figure 6) and  stapility, decomposing above 30C. Increasing the cyano
electron diffraction pattern of the block copolymer-stabilized pjock of the diblock copolymers decreased the thermal
magnetic nanoparticles exhibited a high-crystalline structure stapility (lowered initial decomposition temperature). Mea-
of maghemite ¥-Fe;Os), consistent with that reported inthe  suredTy's of this series of diblock copolymers correlated
literture 3341 well with the calculated values from the Fox equation.
Maghemite magnetic nanoparticle ferrofluids were prepared
(41) Euliss, L. E.; Grancharov, S. G.; O'Brien, S.; Deming, T. J.; Stucky, in a norbornene dlbl(_)Ck co_polymer system, which Wer?_able
G. D.; Murray, C. B.; Held, G. ANano Lett.2003 3, 1489. to control nanoparticle size and morphology. Stabilized

Conclusions
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magnetic nanoparticle ferrofluids were prepared with a  Acknowledgment. The authors wish to thank the National
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norbornene-rich diblock copolymers, confirming the stabi-

lization ability of the nitrile group. CM062004U



