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In this paper, we report a facile synthetic approach for preparing water-soluiila fRanoparticles
with a surface-surrounded layer by the use of polyethylene glycol(5) nonylphenyl ether (NP5) and
cyclodextrin (CD) in aqueous medium and also for building nanostructured spherical aggregates from
individual magnetic nanopatrticles, which were dependent on the concentration of CD and NP5, respectively.
The morphology of R, nanoparticles was studied by transmission electron microscopy. The mesoporous,
spherical aggregates of & particles possessed a BET surface area of ca. 14%.@ fwithout
compromising that of the separatecs®gnanoparticles with coating (164.6°rg1) and still possessed
magnetic properties. This method is very meaningful because it directly produces water-soluble magnetic
nanoparticles, which is very important for applications of magnetic nanoparticles in biomedical fields
and nanostructured spherical aggregates as magnetic carriers.

Introduction Furthermore, the uniqueness of magnetic carrier technol-
ogy (MCT) has been reported by several research groups
Magnetic nanoparticles of iron oxides have been explored recently!*-13 An attractive property of MCT is that the
for biological applications as tags in sensing and imaging carriers can be separated easily from a complex multiphase
and as activity agents in hyperthermia therapyDifferent ~ system by an external magnetic device. However, the
synthetic techniques such as coprecipitation and microemul-magnetic forces exerted on these tiny magnetic particles are
sion method$;” ultrasound irradiatiof,and laser pyrolysis  extremely weak for any substantial migration of the particles
technique$ have been developed for producing particles to a desired location. Thus, it is desirable to synthesize
smaller than 20 nm. These nonaqueous methods can controtlusters of the nanoparticles that can be operated by an
the particle size and shape with close to atomic layer external magnetic device without compromising the surface
precision-two important parameters that affect the chemical area determining adsorptive capacity. Self-assembly through
and physical properties of nanoparticles. However, the noncovalent interactions (hydrogen bondifi¢; van der
nanopartic|es previous|y mentioned are organic-so|ub|e, Waals forceé,ﬁ’ﬂand electrostatic forc&l% with no external
which will limit their use in the biomedical fields, especially ~intérvention provides a powerful method for employing pre-
for in vivo applications® Therefore, it is desirable to p.rogrammeq materials W|th_the potential fo_r multidimen-
synthesize water-soluble magnetic nanoparticles in aqueou§'°na| ordering for the creation of a well-defined structure

solution, which will realize their potential in biological atthe moIeCL_JIar level. For example, RoFeIIo etakported
applications that polymeric layer protected gold particles self-assembled

into spherical aggregates through hydrogen-bonding interac-
: - : tions. In their strategy, the polymers acted as the mortar to
Tggg:ﬁﬁfe’:g'g?Caﬁg:ﬁirs'tsma”' pkuxhb@hotmail.com. hold the colloidal particles together to form spherical
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Nanoparticle dispersions can be stabilized by the use of a_
suitable surface coating, typically a surfactant or polymer. °m'_
Polymer coatings that have been examined for magnetic ;. |
nanoparticles vary from simple homopolymers to copoly-
mers?! Herein, we report that individual polymeric layer- zca
coated magnetic nanoparticles can be prepared and self-
assembled into spherical aggregates by further reaction undef™
controlled conditions. The layer used was polyethylene
glycol(5) nonylphenyl ether (NP5), which is used to stabilize ]
magnetic nanopatrticles by the formation of surface coating 1ca
and is a low molecular-weight polymer at the same time and
yields aggregates of large si#eand cyclodextrin (CD),
which is used to improve their miscibility with water by the -
formation of the second layét.NP5 and CD can undergo Figure 1.
self-assembly by holding together individual molecules substrate.
(elemental bricks) in an orderly manner through noncovalent
interactions to build up materiat¢?* Depending on the  _
reaction conditions, the aggregates of controlled size and%'®
shape can be synthesized easily. i
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Experimental Procedures
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Chemicals. NP5, CD, iron (ll) chloride tetrahydrate (Fefl
4H,0), and anhydrous iron (lll) chloride (FefLlwere purchased
from Sigma (Singapore) and used without further treatment.

Synthesis of Iron Oxide Nanoparticles with Surfactant Layer
Coating. FeCL-4H,0 (0.158 g) and FeG[0.268 g) were dissolved
in 45 mL of aqueous solution (including 0.244 g of 10% NP5 Will further be surrounded by polymeric surfactant to form
solution, w/w) with vigorous stirring and under,NAfter 30 min a thicker layer if the concentration of CD is controlled,
of mechanic stirring, 1.2 mL of ammonia aqueous solution (28%, whereas they coagulate into aggregates (b) through inter-

w/w) in 30 mL of CD solution (5 mM) was added. The reaction molecular interactions if the concentration of NP5 is
was allowed to proceed for 1.5 h with constant and vigorous stirring ~gntrolled.
to produce a water-based suspension. Finally, the suspension was
filtered by filter paper, and the filtrate was stored for further use.
Spherical aggregates of & particles can be prepared by
controlling the concentration of NP5 at a fixed CD concentration
(5 mMm).

Characterization. The morphology of the products was exam-
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Figure 2. Mossbauer spectra of & nanoparticles at (a) room temperature
and (b) 4.2 K.
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The formation of FgD4 nanoparticles was identified from
the X-ray diffraction pattern (Figure 1). The pattern obtained
confirms that the nanoparticles prepared in this study are
the FgO, nanoparticle? The FgO, nanoparticles display
several relatively strong reflection peaks in thtergion of

ined by transmission electron microscopy (TEM, JEM-2010F).
X-ray diffraction (XRD) patterns of the samples were recorded on
a Siemens D5005 diffractometer equipped with a Gu (K.5405

A) X-ray source. Magnetic data were obtained on a SQUID
magnetometer (Quantum MPMS-5S).The surface area of the
product was measured by nitrogen adsorptidesorption isotherms
using the BrunauerEmmett-Teller (BET) method (Micromeritics
Flowsorb 2300). The sample was degassed under vacuum at roo
temperature before measurement.

Results and Discussion

The formation of spherical aggregates is divided into two
stages. The first stage is the formation of individual coated
Fe;04 nanoparticles, which is a typical chemical coprecipi-
tation of Fé" and Fé&" salts in ammonium hydroxide
solution. In the second stage: (a) the individual nanoparticles
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(23) Garnier, F.; Yassar, A.; Hajlaoui, R.; Horowitz, G.; Deloffre, F.; Servet,
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Angew. Chem., Int. EQ001, 40, 2315.

m

20—70°, which is quite similar to those of E®, nanopar-
ticles reported by other groups, confirming that the nano-
particles prepared are §&. These strong Bragg reflections
of Fe0, are at the 8 angles of 30.1(d = 2.967 A), 35.4
(d=2.532 A), 43.0 (d = 2.101 A), 53.4 (d = 1.714 A),
56.% (d = 1.616 A), and 62.5(d = 1.484 A). The Bragg
reflection peaks are all relatively broad because of the
extremely small dimensions of the §& nanoparticles.

In the XRD spectrum (as shown in Figure 1), we cannot
exclude the possibility of the-Fe,O3; phase in the nano-
particles for the line broadening of the spectruni.dglmauer
spectroscopy is one of the most effective ways to distinguish
the two phase® The Mossbauer spectra of the spherical
aggregates of the nanoparticles are shown in Figure 2 in the
absence of an external magnetic field. The as-fitted param-
eters are listed in Table 1. At room temperature, only a
doublet is observed, which clearly indicates the superpara-
magnetic behavior of the particles (Figure 2a). The as-fitted
parameters are consistent with those reported for nanosized
magnetite’® At a temperature of 4.2 K (blow the blocking

(25) Lee, S. W; Kim, S. J.; Shim, |. B.; Bae, EEEE Trans. Magn2005
41, 4114,
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Table 1. Mossbauer Parameters of F€,4 at Both Room Temperature and 4.2 k&

paramagnetic Fe ferrimagnetic F&": A site ferrimagnetic F&: B site
T (K) o (mm/s) A (mm/s) P (%) 0 (mm/s) A (mm/s) H(T) P (%) o (mm/s) A (mm/s) H(T) P (%)
296 0.33 0.65 100
4.2 0.32 —0.023 51.25 78.82 0.61 —0.18 48.70 21.18

ag: Isomer shift;A: quadrupolesplitting; H: hyperfine field; andp: area percentage.

CD concentrations: (a) 5mM and (b) 7.5 mM ([NR5]0.032 wt %, [Fé*]
= 0.01 M, and [Fé&'] = 0.02 M).

Scheme 1. Proposed Self-Assembly Process of Individual
Nanoparticles to Form (a) Core—Shell Nanoparticles and (b)
Their Spherical Aggregates

/%@
Fe* Fe* _NHafaa)  °,
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L ]

in NP5 solution in CD solution  *, e . = - -
\ Figure 4. TEM images of FgD, aggregates at different NP5 concentra-
@ tions: (a) 0.065 wt %, (b) 0.13 wt %, and (c) 0.26 wt %. (d) Enlargement
of panel c: ([CD]= 5 mM, [F&] = 0.01 M, and [F&'] = 0.02 M).

in aqueous solutioff. The TEM image (Figure 3b) shows
the FgO, nanopatrticles (inner diameter of about 10 nm) with

- a clear surfactant layer of about 3 nm when [CD] is increased
temperature), the sample exhibited a general sextet shapg, 7 5 1\ When a higher [CD] of 10 mM is used

demons_tr_ating ferromagnetic beha_tvior (Figure 2b).lAccord_ing irregularly coated F£, nanoparticles are obtained (see
o the flttlng parameters _shown n Tabli 1, the ron oxide Supporting Information), with a surfactant layer thickness
s?oilzci be in tlhe ma%_nedtlts (fai‘) pha_sez. The ﬁf)ilstelnce ‘ of about 5 nm. In particular, some & nanoparticles are
86F w/as asohvelrljleb ya ;\rghe |scr>]me(;_s It vajue o only partially coated. This is also a major problem in the
’ 1 mm/s. It s ould be noted that the |sper_se§ph‘-e preparation of an outer shell of constant thickness on the
particles showed similar spectra to those shown in Figure 2 cores?® The polymers (NP5 and CD in our system) want to
when the Masbauer spectra were taken at room temperature inimize their interfacé® As a result, the outer polymer shell

and 4.2 K, respectively. tends to concentrate on one side of the corgdk@anopar-
The effect of CD concentration (represented by [CD]) on ticles. In our system (Supporting Information, Scheme 1a),
the morphology of coated E®, nanoparticles is shown in  CD is used for the formation of the second ligand layer,
Figure 3. The thickness of the surfactant layer of®2e  whereby the hydrophobic cavity of cyclodextrin is penetrated
nanoparticles can be effectively tuned by controlling the CD by the hydrophobic tail of the first layer (NP5). Interdigitated
concentration in our system. In Figure 3a, when [CD] is at bilayers have been formed fina#$2° Since the inner
5 mM, the TEM image shows that uniform & nanopar-  diameters of coated E®, nanoparticles at different reaction
ticles with an inner diameter of about 10 nm are obtained. conditions are nearly the same, it is apparent that the CD
These nanoparticles are well-separated due to the coatingtoncentration plays a key role in controlling the thickness
on their surface, reducing their tendency to agglomerate. Thisof the surfactant layer, which would improve its miscibility
result is also consistent with recent repriggesting that  with water?? In addition, the size of the nanoparticles is
the coated F£, nanoparticles do not aggregate in the
presence of a low concentration of NP5 polymer. Because (26) Novakovaa, A. A.; Lanchinskayaa, V. Y.; Volkov, A. V.; Gendler, T.

of the low contrast of the polymers relative to that of the ,\Sﬂ-;t*éirsg'&‘)’g'22-8\_(55'\30;&"3' M. A Zezin, S. B. Magn. Magn.
carbon substrate and thickness of the shell, only the cores7) xia, H.; Cheng, D.; Xiao, C.; Chan, H. S. @.Mater. Chem2005

of Fe;O4 nanoparticles can be seen in the micrograph. We 28) }?5, tﬁl$1'H | o | Chern. Phy@001 202 3502
H H H HH uni, T.; Rellmann, G. acromol. em. 3% .
have reported the preparation of Y-junction polyaniline (29) Lala, N.; Lalbegi, S. P.. Adyanthaya, S. D.: Sastry Hngmuir2001

nanostructures by this kind of nanoparticle as soft templates 17, 3766.
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Figure 5. Nitrogen adsorptiorrdesorption isotherm of the sample in Figure

3c measured at 77 K; inset shows pore diameter distribution of the sample. Figure 6. Room-temperature magnetization curves of obtainesDie

nanoparticles. Solid circles: disperseds;®g¢ nanoparticles and open
circles: spherical aggregates of;Pg nanoparticles.

-
N

limited to about 10 nm, which is in agreement with the results
obtained by other researchers who used the same coprecipi-
tation methocf?3!

The effect of the NP5 concentration on the morphology
of coated F¢D,4 nanopatrticles is shown in Figure 4. The TEM
image (Figure 4a) shows that small aggregates @Dke
nanoparticles with an average diameter of 25 nm are obtained
When_ _[NP5] is at_0.065 wt % under other fixeql rt_aaction 20700 150 200 250 300
conditions. The size and morphology change significantly Temperature (K)
as [NP5] is increased. Larger §&& nanoparticle aggregates Figure 7. ZFC and FC curves of (a) dispersedsGg nanoparticles and
are observed when [NPS] is 0.13 wt % (Figure 4b). These (b) spherical aggregates of §&& nanoparticles (the applied magnetic filed

. . of 100 Oe).
aggregates are nearly spherical and have a diameter-of 40
75 nm. When [NP5] is at a high value of 0.26 wt %, distinct molecules from a multiphase complex system by external
spherical FgO, nanoparticle aggregates are formed with a magnetic devices and would have a high load capacity of
diameter of 88-120 nm (Figure 4c). Figure 4d shows that target molecules. The isothermak Norption data of the
the single spherical aggregate is made up of about-500 sample at 77 K are shown in Figure 5 and Table 2.
2000 small FgO4 nanoparticles with a diameter of about 10 - Quantitative calculation shows that the spherical aggregates
nm. These results were also consistent with the reportedof Fe,0, nanoparticles possesses a BET surface area of ca.
work?! that the size of the clusters is large when the polymer 141 .1 n? g ! and a narrow distribution of pore diameters
molecular weight is small (molecular weight of NP5 is about centered at 3.7 nm (Figure 5 inset). The as-synthesized
448) and in sufficient concentration. spherical aggregates of the nanoparticles do not compromise

From the previously described results, the use of CD and the surface area determining adsorptive capacity as separated
NP5 is the key in preparing a sphere-like assembly, althoughFe;0, nanoparticles with a coating have a BET surface area
the driving force has not been fully understood. After the of ca. 164.6 rAig™.
formation of an inclusion complex with the hydrophobic ~ The magnetic properties of the coated@enanoparticles
groups of NP5, the hydroxyl groups of the CD rims can were investigated with a superconducting quantum interfer-
interact with the hydrophilic moiety of NP5 as wéllThe ence device (SQUID). Figure 6 shows the room-temperature
increase of the NP5 concentration may lead to a linkage or magnetization (300 K) of as-prepareds;B8g nanoparticles
bridging of the surface coating on the nanoparticles and causg(Figures 3a and 4c). The curves obtained at 300 K are
singular nanoparticles to aggregate together instead ofperfectly superimposable as the field is cycled betwe#n
remaining as dispersed nanoparticles. A possible mechanismand 10 kOe. The curves are consistent with superparamag-
for the formation of the assembly of && nanoparticles is  netic behavior (also see Msbauer spectrum in Figure 2a)
shown in Scheme 1b (Supporting Information). and the nanoscale dimensions of the partiét€$3° Their

In addition, these spherical aggregates are mesoporoussaturation magnetizations are 46.2 and 39.0 emu/g, respec-
These mesoporous magnetic aggregates of sufficiently hightively. The close value in the saturation magnetization of

specific surface aréacan be used in the separation of target our samples mainly should be attributed to the same particle
size. In addition, saturation magnetizations of our samples
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Table 2. Characterization of Bare FeO4 Nanoparticles, Single FeO4 Nanoparticles with Coating, and Mesoporous Aggregates of B84
Nanoparticles with Coating

samples BET surface areaqgr?) Ms(emu g?)
bare magnetite (E©.)2 0.07 85
single nanoparticles with coating (&) 164.6 46.2
mesoporous aggregates of nanoparticles@pe 141.1 39.0

aAs from ref 33.
are lower than those of similarly sized nanopatrticles preparedsurrounded layer by use of NP5 and CD in aqueous medium
by other method&; which might be caused by the surface and also for building nanostructured spherical aggregates
spin canting effects and the surfactant coating reducing thefrom individual magnetic nanoparticles, which were depend-
total magnetic moment of the nanoparticles and give rise to ent on the concentration of CD and NP5, respectively. The
the decrease in the magnetization of the coating nanopar-mesoporous, spherical aggregates of th®fraanoparticles
ticles® possessed a BET surface area of ca. 14Z hrhwithout

A commonly used technique for the investigation of coating the separated & nanoparticles (164.6 vy %) and
superparamagnetic relaxation is the field-cooled (FC) and performed superparamagnetic behavior at room temperature.
zero-field-cooled (ZFC) magnetization, that is, the magne- These mesoporous aggregates aflz@anoparticles can be
tization in a weak applied field as a function of increasing used in magnetic carrier technology. This method is also very
temperature after the sample has been cooled, respectivelymeaningful because it directly produces water-soluble mag-
in the presence and absence of a weak magnetic field. Thenetic nanoparticles, which is very important for applications
ZFC and FC curves of dispersed sBg and spherical  of magnetic nanoparticles in biomedical fields and nano-
aggregates of B@®, nanoparticles are shown in Figure 7. structured spherical aggregates as magnetic carriers.
At high temperatures, the two sets of data (in Figure 7a,b,
respectively) exhibit the same trend; that is, the magnetization ” .

used further as templates to form polyaniline microspheres.

decreases with increasing temperature. At low temperatures . . o
o ) These polymeric hollow microspheres may have applications

however, the data significantly diverge. From the curves, one . . :

) : in drug delivery, cell transplantation, and removal of waste.
can see that the blocking temperatufg of dispersed ) .
. . . X Further studies are in progress.
nanoparticles is approximately 71 K (Figure 7a) and for
spherical aggregates of nanoparticlésjs 105 K (Figure

ticles indicates an increase of dipeldipole interactions of ~ 1EM, Associate Prof. Chuah Gaik-Khuan is thanked for her

the nanoparticles due to the aggregdfes. h(_alp with th_e BET experimgnts, _and the National University of
Singapore is thanked for financial support.

The spherical aggregates ofsEg nanoparticles can be

Conclusion

In summary, we report a facile synthetic approach for
preparing water-soluble E®, nanoparticles with a surface-

Supporting Information Available: Scheme of the proposed
self-assembly process of individual nanoparticles; additional TEM
images; and pore diameter distribution of the sample in Figure 3c.
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