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By using an interfacial coprecipitation method, hydrophilic magnetite nanoparticles capped with amine
groups are facilely fabricated in this paper. In the approach;mliepylamine and a water/cyclohexane
mixture act as the alkali and medium, respectively, so that the coprecipitate reaction is confined only to
the interface between water and cyclohexane. The resultant nanoparticles are characterized by transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR)
spectroscopy, total nitrogen mass analysis, differential scanning calorimetry (DSC), and so forth. It is
confirmed that the resultant nanoparticles possess not only relatively narrow size distribution but also a
hydrophilic amine-decorated surface, which provides them with the capability of being further modified.
Besides, the mechanism of the nucleation and growth of nanoparticles during interfacial coprecipitation
is also discussed.

Introduction shapé® of the nanoparticles, and even the selection of more
economic precursofé.Undoubtedly, this method is a nearly
perfect way to prepare monodispersed nanopatrticles in the
laboratory. However, the strict requirement of temperature
controlling would be the bottleneck of applying this approach
to industrial fabrication, and the resultant hydrophobic surface
to some extent limits their use in biomedical fields.

Magnetic nanoparticles, especially magnetite(zg have
been intensively studied not only for fundamental scientific
interest but also for their potential applications in magnetic
recording medi&, sensorg, catalysts’ and especially bio-
medical fields™” For all applications, facile and robust
synthetic techniques are pursued. Among the synthetic Another chemical strategy to prepare iron oxide nanopar-
methods of iron oxide nanoparticles, the one which is basedt. les is based on th ! tp t'p PEand Fé* i P
on the decomposition of organic iron precusors, such as.\cl€s IS based on the coprecipitation or-an lons

- basic agueous medidfi® or in a microemulsion
Fe(GHsN(NO)O ), Fe(CO),° Fe(acaq) (acac: acetylac- ' 2 . . . :
etcfnaté)w(was) m<))33tly OE‘ co%cern(in recz)e(nt yeatBy zﬂs systenr%2! The great potential of this approach in making

approach, the speed of nucleation and growth of nanocrystalsnanOpart'CIes suitable for bioprocesses has been indicated

B iIn many referencés? because of the compatibility of the
are controlled by accurately adjusting the temperature anda ueous medium with biosystems. However, in the classical
using abundant surfactants. Therefore, it is feasible to q y ' !

produce magnetic nanoparticles with controllable size, nar- coprecipitation method, the size and size distribution of iron
row size distribution, and generally a hydrophobic sur;‘ace. oxide nanoparticles are hgrd to control becaqse the unlimited
Until now, the precursor decomposition approach has beeng:g\\llveﬂr]]teo(;c irt1h§ hr:)irq]gp::leﬂiz ;ftueéoS:Cr:]eeaéliz; nggigtesbeb
investigated in many aspects, such as the elucidation of theP" geneous aq : 'S) DY
mechanism? the accurate control of the seand the this approach, carefully adjusting the pH value of the medium
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Table 1. Samples Produced by the Interfacial Coprecipitation
Proposed in This Paper

stirring  concentration of concentration of
samples  or not Fe* (mmol/Ly2  di-n-propylamine (mL/LY
Sla yes 50 100
S2 yes 25 100
S3 yes 75 100
S1lb yes 50 200
Slc yes 50 300
Nla no 50 100

aCre+ = Cge+/2, C is concentration® The concentration of di-
propylamine in cyclohexane.

Figure 1. TEM images of S1a nanoparticles deposited from dispersion in
water (a) and in cyclohexane after coating with oleic acid (b). Inset in the gation and freeze-drying at45 °C for 24 h. Other samples were

bottom of part a is the SAED of the Sla nanoparticles. Images representyanared at various concentrations of iron salt. Besides, a contrast
Sla nanoparticles (in water) and oleic acid coated Sla nanoparticles (|ntest was done bv the similar process but without stirring and
cyclohexane) with the inset clearly showing particles transferred from water o y ; p. g

to nonpolar solvent after ligand exchange. supersonication to investigate the influence of the water/cyclohexane

interfacial area on the resultant nanopatrticles. All samples synthe-
is inevitable to get nanosized magnetite particles, and Sized by this interfacial coprecipitation are listed in Table 1. Another

stabilizing agents have to be added to keep the ferrofluid comparative sample (abbreviated as sample CP) was also prepared
more stablé4 by a classical coprecipitate reaction (Massart’'s metfod).

In the current work, we conduct coprecipitation oPFe To prepare the nanoparticles coated with oleic acid, 200 mg of

. . . . as-prepared nanoparticles and 0.2 mL of oleic acid were mixed
and Fé" on the interface of water/oil to fabricate & with 100 mL of cyclohexane. The mixture was sonicated for 30

nanoparticles with nanoscaled size and unusual surface i, and then centrifugated at 11 000 rpm for 10 min to get the

character. Compared with the existing approach, our ap- g0, nanoparticles coated with oleic acid, which can be dispersed
proach offers a number of advantages. First, ther-di- easily in a nonpolar solvent, such as cyclohexane (as shown in the
propylamine which is almost insoluble in water is dissolved inset in Figure 1b).

in cyclohexane to act as an Olgrecursor instead of a water- Characterization. For transmission electron microscopy (TEM)
soluble alkali in classical coprecipitation so that the copre- studies, the dispersions of nanoparticles in water or cyclohexane
cipitation reaction was confined only proceeding on the were drop-cast onto a carbon coated copper grid, and TEM images
water/cyclohexane interface and the unlimited growth of the were taken on a JEOL JEM-2010 microscope at an accelerating
Fe;0, nucleus can be duly hindered. Second, the resultantvoltage of 200 kV. To determine the size distribution and the mean
nanoparticles possess an unusually hydrophilic surface whichaverage size, around 500 nanoparticles were measured for each

enables the nanoparticles to disperse in pure water stabl Fample..x-ray powder diffrf?\ct.ion (XRD) patterns were measured
Third. the fabricaﬁon is conveniF:ent andpthe hydrophilicym reflection mode (Cu K radiation) on a Bruker D8 diffractometer.

. . . X-ray photoelectron spectroscopy (XPS) spectra were recorded by
nanoparticles could be obtained directly by only one step. using a Perkin-Elmer PHIS000c spectrometer with an At K

) ) monochromatic X-ray source. Fourier transform infrared (FTIR)
Experimental Section spectra were taken on a Bruker EQUINOX55 spectrometer. The

Materials. FeCh-4H,0 (>98%), FeCI-6H,0 (>99%), cyclo- sample was made by the pressed disc method after mixing dry

hean ¢ %), i proylamie {59%). lic €995, and  (91OPIEE KO ot measung e ortentof ogen o
ethyl alcohol ¢99%) were purchased from Sinopharm Chem r P P

. .. water, and the mass of nitrogen was taken on a TOC/TN multi
Reagent Co. All these reagents were used without further purifica- 3000 (ChD) analyzer (Analytik Jena, Germany). The number of
tion. Milli-Q water was used in the synthesis. Y y ' y).

: . . . ammonium molecules per nanopartiafg ¢an be calculated based

iypical Syntheais, 5 mmol o FeGH0 and 26 ol o Feqi 211 = Al (2.5 x 10 MhssosVpNe, wherea (pprm) i
XIEO we)zlre dissc;lved in 100 mL ofzwater' rﬁeanwhile 5 mL of the value we got from the TOC/TN analyzé, is the molecular
di-r21- ropvlamine was diluted to 50 mL 'b o clohex’ane The weight,V (cm?) is the volume of an individual nanoparticle (g/

Propy . . Y cy ) . cm?) is the density of bulk F#,, andN, is Avogadro’s number.
aqueous solution of iron salt was added dropwise into the _. . . ) . .
. . . . . Differential scanning calorimetry (DSC) and thermogravimetric
dipropylamine/cyclohexane solution under vigorous stirrindZ00 .
rpm) and supersonic dispersion (40 W supersonic power). The analysis (TGA) measurements were performed at a ramp rate of
P pers P : P cp ..~ 10°C/min under a nitrogen atmosphere using Q10 and TGA 2050
process of dropping was completed in about 15 min, and stirring . .
was continued for another 15 min to complete the reaction. The (TA Instruments), respectively. Magnetization measurements were
synthesis was carried out at 26 under a nitrogen atmosphére. performed on a vibrating sample magnetometer (VSM) at room

Thereafter, a bilayer liquid with a black #&&y/water subjacent layer temperature.
and a colorless cyclohexane superstratum was obtained (as shown

in the top inset of Figure 1a), indicating the hydrophilic surface of
as-prepared nanoparticles. To purify the product, the subjacent
Fe;04 agqueous solution was rinsed with ethyl alcohol and centri-
fuged at 11 000 rpm for 10 min. This process was repeated five
times, and then the E®, nanoparticles were collected by centrifu-

Results and Discussion

TEM observation of as-prepared nanoparticles Sla indi-
cates that the nanoparticles possess a size af 3¢ im and
a slightly irregular spherical shape (Figure 1a). The bottom
inset in Figure 1a shows the selected area electron diffraction

(24) Sun, S.; Zeng, H.; Robinson, D. B.; Raoux, S; Rice, P. M.; Wang, S.
X.; Li, G. J. Am. Chem. Soc2004 126, 273. (25) Massart, RIEEE Trans. Magn1981 MAG-17, 1247.
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Figure 2. Photographs of aqueous suspensions aOFeanoparticles
prepared by classical coprecipitation (samples a and b in the figure were
prepared at room temperature and°8) respectively, according to ref 22 i
except that no stabilizing agent was added) and our method (c, sample S1a) ¢
Left image shows the suspensions immediately after preparation, center
image was taken after about 7 min, and the photograph taken after abou
15 min is shown at the right.

. . . Figure 3. TEM images of sample N1a deposited from the dispersion in
(SAED) pattern of as-prepared nanoparticles. Six distinct ater (a) and oleic acid coated N1a deposited from the dispersion in

diffraction rings and their calculatetispacings match well  cyclohexane (b).
to that of Fg0,4.2 To explore the effect of the concentration
of iron salt on the resultant nanoparticles, S2 and S3 were ] @11
prepared at various concentrations of iron salt. It is found
by TEM study that the size and size distribution of S2 and
S3 nanoparticles are similar to those of S1, indicating that
the concentration of iron salt has no obvious effect on the
size of nanoparticles. The TEM observation of two samples
(S1b and Sic) prepared at different concentrations of amine
also suggests that further increasing the concentration of di-
n-propylamine in cyclohexane from 100 mL/L to 300 mL/L
almost has no effect on the size of the nanoparticles.
However, it is found that a minimal concentration of 80 mL/L
is necessary for preparing #2 nanoparticles in this 20 30 40 50 60 70
proposed approach; otherwise, dark-red FeOOH instead of 2-Theta

Fe;04 nanoparticles would be obtainétiThe nanoparticles ~ Figure 4. XRD patterns of Sla (a) and Nla (b)
synthesized by this approach are able to be kept stable for
about 20 h in pure water without any pH adjustment or Sl X
stabilizing agent, which is much longer than the stabilizing 2du€ous solution is a key step to the formation and the
time of nanoparticles prepared by classical coprecipitation Stabilization of nanoparticles. While in the approach
in the same medium. Figure 2 shows the dispersing solutionProP0sed here, this adjustment can be omitted and there is
of Fe;O, nanoparticles prepared by different methods after only a m|n|mum'l|m|t of the concentratloq of organic amine

a series of durations. It is obvious that in the classical © 9€t comparatively stable §&, nanoparticles. To explore
coprecipitation method, if no stabilizing agent (surfactant, € mechanism of the proposed approach, the synthesis was

acidic solution) was added, the as-prepared aqueous susperfi€Signed proceeding under the condition of no stirring. No
sion cannot be kept stable even for several minutes. |n Nanoparticle but flocculent clusters can be observed in this

addition, in our case, if dry nanoparticles are treated by the S@mple (N1a) under TEM (Figure 3a). While itis interesting
dilute HCI solution (0.01 M) as reported in literatéft¢the ~ that, in TEM graphs of the same sample coated with oleic
ratio between nanoparticles and HCI solution is about 500 acid (Figure 3b), both nanoparticles and flocculent clusters
mg/100 mL), the stabilized time could be prolonged to at can.be found, the size distribution of these nanopg_rtlclgs_ls
least 2 weeks. obviously broader than that of sample Sla. In addition, it is
Dried nanoparticles can be easily redispersed in nonpolarWorth pointing out that the N1a nanoparticles are able to

solvent by coating with oleic acid or another alkyl carboxylic drlsperlfe St?gli/ |n£ure wiz(iter fo_r E.it I_e ast 1 \{\l;elek, evercll;longer
acid, such as stearic acid or myristic acid, the resultant than that o a. As we know, it Is impossible to geide

solutions with a maximum concentration of 1 g/mL can be nanoparticles without stirring in classical coprecipitation,
kept stable for more than 2 weeks without any precipitate. whereas in th_e present .a.pproach, the hanopar ticles ins;ead
By TEM observations, it is obvious that after oleic acid of macroscopical deposition can be obtained in a reaction

coating the nanoaprticles disperse more separately (Figure"r:ed“r‘]m W|thou'.c a_lg|t§1t|on, Wh'cz pro|V|des Eov_verfufl ewdince
1b) compared with the original S1la nanoparticles (Figure that the coprecipitation proceed only on the interface of two

1a), and the interval of adjacent nanoparticles is close to thephases. _

length of the oleic acid molecule-@3 A), which shows that The XRD patterns (Figure 4) of the sample S1a and N1a

oleic acid has a stable interaction with the nanopartides. confirm the structure of the k8, nanocrystal because the
position and relative intensity of the main peaks match well

(26) Cornell, R. M.; Schwertmann, UThe Iron Oxides: Structure, to those from the JCPDS card (19'0629) fo@@£29 The

Properties, Reactions, Occurences and Usarsd ed.; Wiley-VCH crystal domain size of the S1ad&a nanoparticles (Figure
Verlag GmbH & Co. KGaA: Weinheim, 2003.
(27) Kim, D. K.; Mikhaylova, M.; Zhang, Y.; Muhammed, NChem. Mater.
2003 15, 1617. (29) McClune, W. FPowder Diffraction File Alphabetical Index Inorganic
(28) Willis, A. L.; Turro, N. J.; O’'Brien. SChem. Mater2005 17, 5970. Phase JCPDS: Swarthmore, 1980.

Intensity(a.u.)

In classical coprecipitation, adjusting the pH value of the
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Binding Energy(eV) Figure 6. FTIR spectra of sample CP prepared by classical coprecipitation
Figure 5. XPS spectra of sample Sla. The insets are expanded spectra of(a), Sla (b), and Nla (c).
N 1s and C 1s.

4a) is 10.8 nm calculated from peak broadening by using i
the Scherrer equation, which is in good agreement with the
average diameter measured from TEM (about 10 nm) images.
Although the composition of sample Nla can also be

confirmed, the crystal domain size calculated from the

Scherrer equation (9.8 nm) cannot match that observed in
the TEM images, and the broadening of the XRD peaks is
likely due to the low crystallinity of sample Nla.

XPS was used to explore the surface chemistry of the 1 - Fos7
nanoparticles, by which the origin of their hydrophilic surface . '
should be revealed. As shown in Figure 5, two peaks of Fe 50 100 150 200 250 300 350 400
2p and O 1s are typical for iron oxide, while the peaks Temperature
ascribed to N 1s and C 1s indicate the existence of nitrogengigure 7. DSC curves for sample CP (solid line), S1a (dashed line), and
on the surface of nanoparticles. Moreover, as shown in theoleic acid coated Sla (dotted line).
insets of Figure 5, the shift and split of the N 1s peak and C
1s peak should be noticeable. The N 1s peak centered afPectra of sample CP, Sla and N1la. In spectra b and c, the
404.48 eV slightly shifts to a higher value compared with Peaks around 2922 crh and 2852 cm' assignable to
that of pure quaternary ammonium s&lhesides, a shakeup ~aSymmetric and symmetric vibration of-&i in —CH,— can
peak centered at 410.95 eV can also be observed. In viewP® obviously found. The peak around 2970 ¢rand 1384
of the binding of ammonium salt on the surface of the CM ' should be ascribed to thes (asymmetrical stretching
nanoparticles, it can be proposed that the electrostaticVibration) andds (symmetrical deformation vibration) of
interaction between the,R,N*+ and—0°~—Fe contributes C—H_in_ —CHs, respectively. Moreover, although the char-
to the higher binding energy of 404.48 eV and the shakeup acteristic peaks ofy-y at about 3300 crrt (ref 31) were
peak at 410.95 eV for the amine adsorption mechadtsm, covered by the F®, peak from 3006-3750 cm’, a
The peak of C 1s is obviously composed of a main peak at broadb.and from 1026 cmi to 1200 cml attributed to the
289.0 eV and two shoulder peaks at 292.6 and 285.2 eV.Stretching peaks of €N could confirm the presence of
Among them, the shoulder peak at 285.2 eV should be amine molecules. In spectrum c, the broadband at about 580
ascribed to C in “C—CH,—", and two peaks at 289.0 and cm™! corresponding to FeO vibrations is broader and
292.6 eV are ascribed to the C connected with N and the cWeaker than that in spectrum b, which may be ascribed to
having interaction with O of iron oxide, respectivéyOn the incomplete crystallization of sample N1a. In the spectrum
the basis of the analysis of XPS results, it is obvious that a ©f sample CP, these characteristic peaks of ammonium
layer of ammonium salt was absorbed onto the surface of €annot be obviously found. By comparing FTIR spectra of
the FeO, nanoparticles, and this resulted in the hydrophilicity S1& and N1a with that of CP, itis obvious there are amines
of nanoparticles because of the existence of hydrophilic €xisting on the nanoparticles synthesized by the proposed
protonated amines. approach.

To further confirm the existence of amines, another sample DSC thermograms of sample S1a before and after coating

was prepared by classical coprecipitation as described in refWlth oleic acid are shown in Figure 7. No obvious peaks
can be found on the curve of sample CP; however, an

25 (abbreviated as sample CP). Figure 6 shows the FTIR

Exotherm

Weight Loss

(31) Sadtler Research Laboratori&adtler standard spectra: standard
(30) Choudary, B. M.; Chowdari, N. S.; Madhi, S.; Kantam, MJLOrg. infrared grating spectraSadtler Research Laboratories: Philadelphia,
Chem.2003 68, 1736. 1985.
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Scheme 1. Schematic lllustration of the Interfacial Coprecipitation Synthesis to Magnetic R®, Nanoparticles

water water water ' ‘ water

O \ T cyclohexane cyclohexane cyclohexane
O Nucleation on the interface Move to the water phase Immerge in the water
© :nucleus and Keep growing and stop growing

O O @ nanoparticle

+
L ) — -(CHCH:CH:):N'H:

exothermic peak appears at about 2Z3on the curve of of OH™ in the interior of the water phase make the further
sample Sla (dash line). Besides, about 0.5% weight loss cargrowth of these nancrystals impossible, and the existence
be found around 223C (from 195°C to 273°C) on the of di-n-propylamine molecules on the periphery of nano-
TGA curves of Sla (red line in Figure 7), which may be crystals prevent the agglomeration of thesgdzaanocrys-
ascribed to the decomposition or desorption of the absorbedtals. Moreover, because the thermal energy is comparable
ammonium salt. While on the curve of the oleic acid coated to the interfacial energy for nanoscale particlethe spatial
sample (dotted line), the exothermic peak at that temperaturefluctuations may result in that the nanoparticles entered the
disappears and the endothermic peak assignable to oleic acidvater phase in different stages, resulting in a broadened size
evaporating can be found at about 372 Because the oleic  distribution of these nanoparticles. Surely, if stirring was
acid molecules strongly anchored on the surface @Oke  carried out, the effect of the spatial fluctuation can be
will evaporate at 378C 32 we believe that there is relatively — penetrated; thus, a relatively narrow distributed nanoparticles
stable interaction between oleic acid and S1a nanoparticles.can be obtained under stirring compared with those without
The mass of the nitrogen element anchored on the stirring. Considering the influence of various factors, such
nanoparticles was measured by a total nitrogen analyzer. Theas oil phase, organic amine, and temperature, on the interface
atomic ratio of Fe to N is determined to be 14 for sample energy of two phases, the size and surface property of the
Sla and 12 for sample Nla. This suggests that there aregesultant nanoparticles should be controllable by adjusting
approximately 550 and 650 amine molecules on the surfacethese factors.
of a 10 nm particle for S1la and N1a, respectively. This value  According to LaMer’s classical theory, the separation of
is about one-fourth of the number of small molecules nucleation and growth is necessary for the preparation of
anchored on R©, nanoparticles by directly mixing particles monodispersed nanopartic®sAs mentioned above, the
and oleic aciéf or by the hot decomposition methétAs separation of these two processes can hardly be controlled
referenced in many studies of the small molecule modified in the homogeneous solution by the classical coprecipitation
nanoparticlé® the one-step method described here could be method. In the microemulsion method, the growth is
used to make amine-capped nanoparticles which have theprevented by the limited size of the water pool, and in the
potential to be modified further by other active molecules. organometallic precursor decomposition method, it is the
The mechanism of the nucleation and growth of@®e mass of surfactant and fine control of temperature that hinder
nanocrystals in the proposed approach could be illustratedthe growth and agglomeration of nanoparticles. Whereas in
as Scheme 1. With the addition of the aqueous solution of our approach the growth is stopped as soon as the nucleus
iron salt into the organic phase, the two-phase mixture with enters a phase in which there is no adequate” QHis
an oil continuous phase and a water dispersed phase formentering process is controlled by the surface nature of the
because of their immiscibility, and diHpropylamine mol- nanoparticles, which provides a novel thinking about practis-
ecules mainly locate on the interface of two phases becauseng LaMer's theory in the fabrication of nanoparticles.
of the hydrophilicity of amine. Meanwhile, a burst of Moreover, we believe that the reaction on various interfaces
nucleation happens on the water/oil interface because therecan be promisingly utilized for the synthesis of other kinds
is the precursor of OHonly near the interface. As a result of nanoparticles, as indicated by the recent refort.
of the reaction of iron salt and OH the corresponding Magnetization curves of samples Sla and N1a measured
ionized din-propylamine molecules are anchored on the by a VSM at 25°C are shown in Figure 8. The saturation
surface of the nucleus because of their interaction with OH magnetization is found to be about 48 emu/g and 20 emu/g
Thanks to the hydrophilicity of the ionized amine salt, the for S1la and N1a, respectively. The saturation magnetization
contact angle between the nucleus and water on the interfaceof Sla is comparable to those surface modifiedCze
is less than 99 and these nuclei would prefer to enter the nanopatrticles, whereas that of N1a is lower, which should
water phas€® With the growth of the nucleus the nano- be ascribed to the low crystallinity of this sample. The
crystals immerge in the water phase completely. The absencecharacteristic hysteresis loops of the ferrimagnetic substance

(32) Sahoo, Y.; Pizem, H.; Fried, T.; Golodnitsky, D.; Burstein, L; Sukenik, (36) Aveyard, R.; Binks, B. P.; Clint, J. HAdv. Colloid Interface Sci.

C. N.; Markovich, G.Langmuir2001, 17, 7907. 2003 100-102 503.
(33) Shen, L.; Laibinis, P. E.; Hatton, T. Aangmuir1999 15, 447. (37) Duan, H.; Wang, D.; Kurth, D. G.; Mavald, H.Angew. Chem., Int.
(34) Li, Z.; Chen, H.; Bao, H.; Gao, MChem. Mater2004 16, 1391. Ed. 2004 43, 5639.

(35) See, for example: Xu, C.; Xu, K.; Gu, H.; Zheng, R; Liu, H.; Zhang, (38) LaMer, V. K.; Dinegar, R. HJ. Am. Chem. Sod.95Q 72, 4847.
X.; Guo, Z.; Xu, B.J. Am. Chem. So2004 126, 9938. (39) Wang, X.; Zhuang, J.; Peng, Q.; Li, Wature2005 437, 121.
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D 60+ Conclusion
5 g, =
i / GE, l S1a In conclusion, we present a novel interfacial synthesis of
. / = 404 magnetic nanoparticles with controllable size and surface
P B Tiscar e SN property. This approach possesses advantages similar to those
A Applied Fietd(Oe) . . . . . .
/ ¥ B 204 Nia in classical coprecipitation but seems more convenient
/i because the accurate adjustment of pH and agitation is not
) 0 . . . .
—n—T—T— —r—TT——T strictly required in the present approach. Besides, the
~20000-15000-10000 -5000 5000 10000 15000 20000 L . . .
o coprecipitation reaction was confined by proceeding only on
-20 Applied Field(Oe) the water/cyclohexane interface so thag®:enanoparticles
with relatively narrow size distribution and special surface
0 property were obtained. The existence of amine on the
. periphery of the nanopatrticles is certainly related to the origin
-60 of hydrophilicity and the stability of the nanoparticles and

Figure 8. Room-temperature magnetization curves of samples Sla and so far provides the possibility for further surface modification
Nla. Inset shows the expanded view of the low-field region ofMl  of hangparticles. The driving force of the nucleus into the
loops: solid line, Sla, and dashed line, N1la. . . .

water phase caused by the amine decoration, which stops

are clearly observed in the magnifying figure of the center their further growth, is proposed as the key factor for the
of the magnetization curve (as shown in the insets of Figure formatl_on and stab|.I|zat|on .of nanopatrticles. In addltlon, thgre
8). It is worth noting that the hysteresis loop of sample S1a IS relatively st_able mteractlor! between alkyl carboxylic amq
is not symmetric and shifts to the negative direction slightly. @nd nanoparticles. Thus, oleic acid or other alkyl carboxylic
We propose that it should be attributed to the exchange acid can .pe gasﬂy coated on the nanoparticles to provide
coupling® effect of FeOs which is slightly oxidized from  the solubility in nonpolar solvents.

Fe;0,4 or amine absorbed on the surface of the nanoparticles
with the inner ferrimagnetic £©,.4* Besides, the coercivity

of Sla and N1a can be calculated from the half width of the
hysteresis loops as about 80 and 45 Oe, respectively.
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