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The surface of highly monodisperse magnetic iron oxigd=€¢03) nanocrystals was thoroughly
investigated by FTIR, NMR, and mass spectroscopy. The nanocrystals were prepared by a thermal
decomposition method now widely used for the preparation of magnetic metal and metal oxide nanocrystals.
This method takes advantage of oleic acid as a means to passivate the surface and render the particles
stable with respect to aggregation or grain growth and keeps them highly dispersed in a variety of organic
media. The nature of this surface in terms of ligand structure and the role of oleic acid during the synthesis
remained somewhat undetermined until this report. We provide spectroscopic evidence of an oleic acid
ligand structural change duringFe,Os; nanocrystal synthesis.

Introduction stabilization have been developed to allow suspensions of
nanoparticles to exist as solutions in a variety of aqu¥ous
and nonaqueous (organic solvent) media. The recent history
'of organometallic precursor-based synthesis has evolved
because it proved very successful in the preparation of
nanoparticles stabilized with a capping group. This type of
procedure is best illustrated by the cadmium selenide system
first conceived by Brus, Steigerwald, and co-workers and
later developed by Murray et dland Trindade et &t The
nanoparticles resulting from these procedures are stable in
nonpolar solvents (such as hexane) and have nonpolar
capping groups. These methods are distinct from-gel
chemistry and other more traditional methods of producing
. . ) colloids as discerned by the nature of the product. The
organic capping shell, to develop an accurate and unlversalCapping groups (also calied ligands because they bind to the
description of the sy§tem. ) ) surface of the nanocrystal) are typically long-chain alkyl
Nanocrystals are isolated three-dimensional nanometergrfactants with heteroatom or polar headgroups that react
scale units Qf materials, typically with ;ymmetrical spherical \yith and bind to the nanocrystal surface via covalent,
or geometrical morphology and optimally a well-formed g|ectrostatic, or coordination bonds (or some combination
crystalline core. The concepts of surface capping and solutiongs g three), generally to the metal atoms. The lability of

the surface ligand (ease with which it can be exchanged)

Magnetic nanocrystals have attracted much interest re-
cently because of their unique size-dependent properties
which are not observed in the molecular or bulk phaseés.
The size dependent properties and biocompatibility of these
magnetic nanocrystals have potential for many biological
applications such as magnetic resonance imaging (MRI),
DNA detection? and drug delivery.lron oxide nanocrystals
are of particular interest for applications such as MRI and
cell separation because of their unique magnetic properties
and biocompatibility. Because of the emerging applications
of nanocrystals, it is of importance to gain a full understand-
ing of the structure, both in terms of the inorganic core and
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Scheme 1. Preparation ofy-Fe,O3 Nanocrystals

\

N ?Cl)elilc )ai:do (2) = irc::n oéide nanocrystals (3)
Fe(CO)s (1 alg - ©
SCOM T CHaCH N P L

I — =ligand (2)

solutions. Long-chain fatty acids are widely used in metal cx100 transmission electron microscope (TEM) in bright field (BF)
oxide nanocrystal syntheses because they can form a denseiode at 100 kV. Samples were prepared by drying solvent
protective monolayer by adsorbing to the nanocrystal surfacedispersions of the nanoparticles onto Formvar amorphous carbon
through bonding of the carboxylic acid group to the metal backe_d 400 mesh grids and then drylng under vacuum at RT. FTIR
oxide surfacé? Oleic acid [CH(CH,),CH=CH(CH,) experiments were performed on a Nicolet 8700 fitted with a DRIFT

COOH], which possesses a double bond at the 9,10 position,smart collector. NMR experiments were preformed on a Bruker
. ] . L . . 400 MHz spectrometer at RT. The locking solvent was GDCI
is a widely used ligand for passivation of iron oxide

" GC—MS was conducted with a Varian Saturn 2100. The XPS
nanocrystal surfaces because it produces nanocrystals thaéxperiment was performed on PHI 5500 model spectrometer

are highly uniform and monodisperse. Other ligands such equipped with an Al K monochromator X-ray source running at
as long-chain fatty acids, alkylamines, and diols are also 15 kv, a hemispherical electron energy analyzer, and a multichannel
commonly used ligands for iron oxides. detector. The test chamber pressure was maintained belod2°

The chemistry of nanocrystal surface ligands has been of Torr during spectral acquisition. A low-energy electron flood gun
interest for over 20 years; however, it has been difficult to Was used to neutrglize the possible surface charge. The XPS binding
study because the commonly used ligands (oleic acid, TOPO)eNergy (BE) was internally referenced to the aliphatic C(1s) peak
are difficult to remove and replace. Although oleic acid is (BE, 284.6 eV).
frequently used as a capping group for iron oxide nano-
crystals, few studies have examined and characterized the
oleic acid/nanocrystal interface. Other ligands that are similar Highly crystalline and monodisperse nanocrystals of

to oleic acid (such as stearic acid,. octadgcanol, or methyl magnetic iron oxide)-Fe:0s) were synthesized according
oleate) are not reportedly used as ligands in the preparationy, he procedure outlined in Scheme 1. Scheme 1 also

of iron oxide nanocrystals, which suggests that they do not jjsirates that the nanocrystals produced possess a ligand
produce nanocrystals of comparable quality to oleic acid. In ghe|| around the inorganic iron oxide core. This ligand shell
this study, we sought to characterize this interface in an s gne monolayer of organic molecules, calculated from

attempt to shed light on why fatty acids give rise to0 such gy spectroscopy, and previous literatéteThe starting
uniform, monodisperse iron oxide nanocrystals. material for the preparation of the ligand shell is oleic acid.
The ligand existing in the product shell is denotad

The synthesis of-Fe,0; nanocrystals involves heating

Fe,03 Nanocrystal Synthesis Monodisperse iron oxide nano- ~ at temperatures as high as 3804 The heating of fatty
crystals §-Fe;0s) were prepared following a standard literature acids can cause isomerization and loss of unsaturétiéh.
procedure pioneered by Hyeon eti&llrioctylamine (14 mL, 32 Indeed, it was recently claimed that oleic acid “polymerizes”
mmol) and oleic acid (2 mL, 6.3 mmol) were combined under a when tethered to a calcite surface and heatatlu et al.
N2 atmosphere and heated at 180 for 1 h. The temperature wasa|so recently reported on their surfactant characterization for
lowered to 100°C, and Fe(CQ)(0.4 mL, 3.0 mmol) was added to ¢ nanoparticles synthesized with oleic acid capping grdups.
the solution and heated at 380 for 1 h. During this process, the Thus, there is a concern that the oleic acid might suffer a
color of the solution changed from orange to black. Afteh the X : . :

structural change during synthesis. In this study, we em-

temperature was lowered to 7€, and (CH)sNO (0.68 g, 9.12 ployed TEM,H gndBC N?\/IRyspectroscopy as WeIIle FTIR

mmol) was added to the solution and heated at 43BCor 2 h, . .
followed by refluxing at 35C0°C for 1 h. The solution was cooled high-resolution mass spectroscopy (HRMS), elemental analy-

to room temperature, dissolved in hexanes, and centrifuged to Sis?* and X-ray photoelectron spectroscopy (XPS) to monitor
precipitate the largest particles. The supernatant was washed with
ethanol and centrifuged. The precipitated particles were redispersed15) Afonin, D. A. B. Tsarev, G. |.; Kiprianov, A. llzv. Vyssh. Uchebn.
in hexanes. The diameter of the nanocrystals was 11 nm with 5% Zaved., Lesnoi Zh1984 89-92.
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(rms) polydispersity and was characterized by TEM, with structure Zh. Prikladnoi Khim. (Sankt-Peterburg, Russ. FEtByg 52, 612

Results and Discussion

Experimental Section

confirmed by X-ray diffraction (Scintag X2}H and *C NMR, 616.
FTIR, and XPS. Images of the particles were taken on a JEOL (17) Erhan, S. Z. S. Q.; Hwang, H.-8. Am. Oil Chem. So003 80,
177-180.
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removed from nanocrystal surface (C). Iron, being paramag-
netic. is known to broaden the resonances'th NMR
spectra® Thus, the sharp resonances were unexpected in the
H NMR of surfactant bound tg-Fe&0Os nanocrystals, as
shown in Figure 2, spectrum B.

The 'H NMR of Fe0s (Figure 2B) is different than that
of pure oleic acid (Figure 2A). In particular, in Figure 2B
there is a lack of vinyl and allyl proton resonances, which
appear at 5.5 and 2.0 ppm in the spectrum of pure oleic acid.
The absence of the allyl and vinyl peaks suggests the
reduction of the oleic acid double bond during nanocrystal
synthesis. The ligand was removed from the nanocrystal
surface by washing the nanocrystal hexane dispersion with
an equal volume of EtOH several times. The surfactant was
Figure 1. TEM image of 13 nm Fg; nanocrystals prepared as described Subsequently characterized By NMR and FTIR, which
herein. also proved that the removed ligand was no longer oleic acid.

the chemical structure of the surfactant changes of the ligand  The*H NMR of the material stripped from the nanoparticle
during nanocrystal synthesis. This report suggests that theSurface 2, Figure 2C) also shows an absence of the allylic
loss of unsaturation of oleic acid on an iron oxide nanocrystal @nd vinylic resonances present in the oleic atidNMR.
surface occurs during nanocrystal synthesis. When elaidic acid, the trans isomer of oleic acid, is used as

TEM. Transmission electron micrographs pfFe,Os a surfactant in the synthesispfFe,0;, the allylic and vinylic
nanocrystals (Figure 1), synthesized with oleic acid as a fesonances are also absent intHeNMR of the surfactant-
surfactant, showed well-formed, monodisperse, sphericalc@Pped nanocrystals, indicating that the configuration about
nanocrystals that assemble when deposited onto a TEM grid.the double bond is not important in this transformation.
They are surrounded by an organic surfactant layer, which IR. The DRIFT IR spectrum of the synthesizgeFe,03
separates them from each other and prevents aggregation(3) is shown in Figure 4, spectrum A. A weak viny-E
The interparticle separation is approximately commensuratestretch located at 3003 crhindicates that some oleic acid
with two interdigitated layers of surfactant molecules of is still present on the nanocrystal surface. Two very weak
comparable length to oleic acid (23.0 A). carbonyl stretches are present at 1738 and 1710,amtich

NMR. NMR of nanocrystal surfactants has been used in confirm the existence of a mixture of ligand components.
the past to understand interactions at the nanocryligeind ~ The weak carbonyl stretch at 1710 this assigned to the
interface and to characterize the topography of the surfacefree oleic acid carbonyl. The presence of the very weak vinyl
of diamagnetimanocrystald?2” However, study of ligands ~ and carbonyl peaks at 3003 and 1710-¢érsuggest the
on paramagnetic materials B NMR has been difficult presence of trace amounts of free oleic acid. While this
due to large broadening effects caused by the paramagnetigonflicts with the NMR observations, the lack of evidence
materials, and we were interested to find relatively sharp of oleic acid in the NMR spectra could be due to the lower
NMR resonances. To the best of our knowledge, we report sensitivity of NMR as an analytical method. The broad peaks
here for the first time théH NMR spectrum of a ligand  in spectrum A at 1527 and 1430 cfcan be assigned to a
bound to aparamagnetimanocrystal and also a change in carboxylate (COO) stretch. Overall, the broad appearance
chemical structure of a ligand, putatively oleic acid, during of the peaks in this spectrum further suggests the presence
nanocrystal synthesis. of a mixture of compounds on the nanocrystal surface.

Figure 2 compares th#éd NMR spectra of free oleic acid ~ Spectrum B in Figure 4 represents the DRIFT IR of the
(A), the ligand on the F©; nanocrystals (B), and surfactant surfactant stripped from the nanocrystal surface. Similar to
spectrum A, the peaks are broadened and suggest a mixture
(22) Bowers, C. R; Pietrass, T.; Barash, E.; Pines, A.; Grubbs, R. K.; of compounds. There is no evidence of a vinytg stretch,

Qg‘é‘jﬁtg’.sb%g- E{,"é’,‘&%&f%Q?Qg{%i‘g&gfgﬁf’s with laser-polarized similar to the IR ofy-Fe,03 nanocrystals; however, there is
(23) Diaz, D.; Rivera, M.; Ni, T.; Rodriguez, J.-C.; Castillo-Blum, S.-E.; @ significant carbonyl stretch centered at 1710 tthat is

Nagesha, D. K.; Robles, J.; Alvarez-Fregoso, O.-J.; Kotov, N. A.  slightly broadened and may suggest a mixture of ligands on
Conformation of ethylhexanoate stabilizer on the surface of CdS

nanoparticlesJ. Phys. Chem. B999 103 (45), 9854-9858. the surface. The very broad feature from 3500 to 2500'cm
(24) Ladizhansky, V.; Hodes, G.; Vega, S. Surface properties of CdS in spectrum C is assigned to a very broad@stretch; it is

nanoparticles studied by NMRL Phys. Chem1998 102 8505 quite typical of carboxylic acids that dimerize due to strong
(25) Majetich, S. A.; Carter, A. C.; Belot, J.; McCullough, R. D. H. hydrogen bonding.

Characterization of the CdSe nanocrystallite surfdc&hys. Chem. XPS. Further characterization of the ligand-coateBe;0;

1994 98, 13705-13710. . D
(26) Sachleben, J. R.; Colvin, V.; Emsley, L.; Wooten, E. W.; Alivisatos, nanocrystals was performed with XPS, as shown in Figure
A. P. Solution-state NMR studies of the surface structure and dynamics 5, The C1s spectrum contains two peaks with binding
of semiconductor nanocrystals. Phys. Chem. B998 102, 10117 . -
To1ag oned y Y 8102 energies of 284.8 and 287.9 eV. The peak at 284.8 eV is
(27) Sachleben, J. R.; Wooten, E. W.; Emsley, L.; Pines, A;; Colvin, V.; assigned to the carbons in the aliphatic chain, and the
Alivisatos, A. P. NMR studies of the surface structure and dynamics
of semiconductor nanocrystaShem. Phys. Letl992 198(5), 431~
436. (28) Benn, R. A. A. RAngew. Chem. Int. EAL986 25, 861—-881.
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Figure 2. *H NMR of oleic acid (A), surfactant bound to #®&; nanocrystals (B), and surfactant removed froraGzesurface (C).

This is in agreement with previous XPS analysiy€fe,0;
nanocrystals?

Effect of Heating on Oleic Acid and Related Structures.
It has been previously reported that long-chain fatty acids
undergo loss of unsaturation when subjected to high
temperature$> 18 We have observed that if oleic or elaidic
acid is heated slowly to 35T, a similar loss of unsaturation
is observed byH NMR and FTIR. Aliquots of the acid were
taken as heating progressed and analyze#-b}MR and
FTIR. We observed a loss of unsaturation to begin at
approximately 290°C, as evidenced in both tH&l NMR
and FTIR spectr& Previous literature reports have found
that the structure of oleic acid changes upon heating in excess
of 300 °C; and long-chain monoolefinicgfatty acids are

believed to dimerize and polymerize when heated above 300
0C_19,34f36

Figure 3. Flowcharts illustrating details of nanocrystal isolation, surfactant The significance of the carboxylic acid headgroup in
removal, component separation, and characterization. facilitating uniform nucleation and growth of-FeOs
shoulder peak at 287.9 eV is assigned to the carboxylatenanocrystals is clarified by substituting methyl oleate
carbon, which are both in agreement with previous literature [CH3(CH,);CH=CH(CH,);,COO(CH)] instead of oleic acid
reports2029-31 Neither of the peaks in the spectrum can be and maintaining all other conditions. The products observed
assigned to a carboxylic carbon, which demonstrates thatby TEM from this reaction exhibit poor yield and high
there is no free oleic acid present on the iron oxide polydispersity. Since the aforementioned results confirm a
nanocrystal surface. The O1ls core level spectrum has peak$oss of unsaturation in oleic and elaidic acid during nano-
with binding energies of 529.6 and 531.1 eV. The peak at crystal synthesis, an attempt was made to synthgsize0;
529.6 eV corresponds to theFe,0; nanocrystals, while the ~ nanocrystals with stearic acid [G(€H;) 16COOH], the
peak at 531.1 eV is assigned to the carboxylate on the saturated analogue of oleic acid, and also with 1-octadecanol
nanocrystal surface. From this we can conclude that the two[CH3(CHz)1COH]. In both cases the nanocrystals produced
oxygen atoms must be symmetric since there is mOC  were of irregular shape and low monodispersity, which
peak present in the spectrum. The Fe(3p) spectrum has one
peak with a maximum at 55.7 eV, and the Fe(2p) spectrum (32) Teng, X. B. D.; Watkins, N. J.; Gao, Y.; Yang, Nano Lett.2003

3, 261—-264.
has peaks at 709.9 eV (Feazpand 723.5 eV (Fe 2p). (33) Spectra can be found in Supporting Information.

(34) Bradley, T. A. W. J. Drying oils and resins: reactions involving the

(29) Mcintyre, N. S. ZAnal. Chem1977, 49, 1521-1529. carbon-to-carbon unsaturation during the thermal treatment of some
(30) Frydman, E.; Cohen, H.; Maoz, R.; Sagiv, J. Monolayer damage in esters of unsaturated C18 fatty acitted. Eng. Chem194Q 32 (6),

XPS measurements as evaluated by independent metbaxgmuir 802-809.

1997 13 (19), 5089-5106. (35) Harwood, H. J. Reactions of the hydrocarbon chain of fatty acids.
(31) Korolev, V. V.; Ramazanova, A. G.; Blinov, A. V. Adsorption of Chem. Re. 1962 62, 99—154.

surfactants on superfine magnetifuss. Chem. Bulk002 51 (11), (36) Wexler, H. Polymerization of drying oil€€hem. Re. 1964 64 (6),

2044. 591-661.



5974 Chem. Mater., Vol. 17, No. 24, 2005 Willis et al.

2.0 —
i I
L il
1.5 — .
___,‘: \_\_
E e
s P - - - -
=
1
£ 10
z
5 C
S
0.5 —
Ao
0.0 = — i T T f =T T T
4000 3500 3000 2500 s 2000 1500 1000 500
cm
Figure 4. DRIFT IR of FeOs nanocrystals (A), stripped surfactant (B), and oleic acid (C). Inset shows enlarged image of spectrum A.
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Figure 5. XPS characterization of ligand capped,6¢ nanocrystals: (A) Cls, (B) O1s, (C) Fe2p, and (D) Fe3p.

suggests that unsaturated bond must exert some kind othat the presence of the double bond is unlikely to have a
influence over the quality of nanocrystals produced, either strong effect on the chemistry preceding nucleation, although
due to the change in chemistry, structure, or solubility of the carboxylic acid headgroup might. We observe that the
the ligand. TEM images of-Fe,0O; nanocrystals synthesized presence of oleic acid is critical in the synthesis of stable,
with 1-octadecanol and stearic acid may be found in the monodisperse iron oxide nanocrystals. The structure of the

Supporting Information. In a previous repéfshorter chain - -
(37) Yin, M. W. A.; Redl, F.; Turro, N. J.; O'Brien, S. P. Influence of

alk_yl carboxylic acids were employed in the synthesis of iron capping groups on the synthesis of Fe203 nanocrystigater. Res.
oxide nanocrystals, and proved to be adequate. We conclude 2004 19 (4), 1208-1215.
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oleic acid is irreversibly changed during nanocrystal syn-  FeO, FgO,, MnO, and MrO, nanocrystals have also been
thesis, and this is expected given previous studies of its studied with'H NMR, however not inasmuch depth as
thermal history. However, we note that the chemical y-FeOs. The preparation of all of these nanocrystals used
transformation of this ligand is inextricably linked to the high oleic acid as a surfactant, and all halld NMR spectra
quality of the nanocrystals produced. similar to that of the surfactant bound {6Fe,0s Albeit
Surfactant Removal and Characterization.The surfac- preliminary, this result shows that this change in surfactant
tant was removed from the-Fe,Os; nanocrystals by pre-  structure during nanocrystal synthesis is not unique to
cipitating the nanocrystals with EtOH several times to isolate y-FeOs; but is common to several metal oxide species.
the surfactant as illustrated in Figure 3. Separation of the
observed mixture into its constituents was attempted by Conclusions
column chromatography; however, the comporiRmalues
appeared to be too similar to achieve isolation. The removed We report the first example of a change in surfactant
surfactant was further analyzed by electron impact massstructure during nanocrystal synthesis. We have demonstrated
spectroscopy (EIMS). The EIMS (spectrum in Supporting that oleic acid is transformed during synthesisyeFe,0s
Information), similar to the FTIR, suggests the presence of nanocrystals. The NMR, FTIR, and MS results suggest the
multiple products. Although the molecular ion peak for oleic presence of a mixture of compounds. The results presented
acid was not detected, the spectrum shows evidence of smalin this report suggest that the decomposition of oleic acid,
quantities of an oleic acid dimer. Peaks at 376.5, 362.5, andwhich occurs at high temperature, promotes the formation
348.5 may correspond to fragments of the oleic acid dimer. of high-qualityy-FeO; nanocrystals. This mixture of ligands
These peaks are very weak, however, suggesting that theréhat forms has the unusual ability to give risetd=0s
is only a small amount of dimer in the surfactant mixture. nanocrystals of higher monodispersity and uniformity than
This hypothesis is also supported by #eNMR and FTIR most other ligands. So far this transformation has only been
data, which show the presence of only trace quantities of observed ony-Fe0; and other metal oxide nanoparticles
unsaturated and carbonyl containing compounds. The specthat use oleic acid as a surfactant; however, it is possible
trum also points toward the presence of stearic acid" (&l that this phenomenon occurs when oleic acid is added as
284.4, fragments at 270.4, 256.4). There is also evidencethe surfactantin the synthesis of other types of nanoparticles.
for the formation of a species possessing the composition
of oleic acid plus an additional O atom. The formation of Acknowledgment. This work was supported primarily by
an epoxide at the 9,10 position on the oleic acid carbon chainthe MRSEC Program of the National Science Foundation under
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hydrogen, and 11.33% oxygen. The experimental results dogptained fromtH NMR spectra of aliquots taken from heating oleic
not confirm or identify the removed ligand as a single acid slowly to 350°C as they change with time and temperature;
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