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A bola-amphiphile surfactant, containing a carboxylic acid at one end of the molecule and a thiol at the other, was
bonded to nanoparticles of amorphous iron. The bonding of both functional groups was verified by FTIR and XPS
measurements. TPD measurements exhibited three temperatures at which molecules are removed from the surface
of the iron nanoparticles. The highest temperature, ca. 360 °C, is assigned as the temperature at which molecules
bonded simultaneously at both ends are desorbed from the surface.

have been deposited on Mg oxide and Al oxide and studiedIntroduction
by inelastic electron tunneling microscopy (IETS).

The coating of surfaces and particles by the self-assembly and In all the above-mentioned investigations, flat surfaces were
Langmuir–Blodgett techniques has been extensively studied.1–9 exposed to a,v-type surfactants, but the only work in which
Various experimental methods have been used to probe the a bola-amphiphile was bonded to particle surfaces in general,
mode of bonding between the substrate and the surfactant. and to nanoparticles, in particular, is that of Liu and Xu.16
Innumerable studies were directed towards amphiphiles carry- They have deposited 16-mercaptohexadecanoic acid (MHA)
ing one chromophoric end-group. However, it is more attract- on the surface of c-Fe2O3 nanoparticles using the self-assembly
ive, while understanding the nature of the bonding between technique. The MHA was anchored to the iron oxide surface
the substrate and different surfactants, to examine the bonding by chemical bonding between the carboxylate end-group and
with a bola-amphiphile. Such a coating can provide two the iron, leaving the thiol group free as the ambient surface.
different products. The first is due to the anchoring of one When iron pentacarbonyl17,18 is sonicated under argon or
functional group to the substrate, leaving the other free. The under air, amorphous nanoparticles of Fe and Fe2O3 respect-
second is via the bonding of both ends to the substrate. In the ively are produced. We have recently shown that the self-
first case, the free end-group can be useful for further chemical assembly19–23 method can be used to coat these nanoparticles
modifications such as formation of a second layer, hydrolysis, with surfactants such as octadecyltrichlorosilane (OTS),
esterification and other reactions. sodium dodecylsulfate (SDS), thiols and alcohols. The

Coating of bola-amphiphiles on various substrates has importance of the amorphous form in bonding the various
already been studied. Chidsey and Loiacono10 have coated a functional groups was demonstrated when commercial submic-
gold surface with a bifunctional decanethiol. The chemical ronic iron or even nanocrystalline iron could not be coated by
bonding occurred via the sulfur attachment, while the second some of the above-mentioned functional groups. We have
chromophore (OH, COOH and CN ) was left at the outer attributed the reactivity of amorphous iron to coordinatively
surface. Structural and electrochemical properties were meas- unsaturated sites.
ured for these surfactants. Schiffrin and coworkers11 have The nature of the surface of the iron nanoparticles and the
coated derivatives of dithiazone on gold and ITO electrodes extent of its oxidation is discussed in great detail elsewhere.21
and measured their cyclic voltammetric and other spectro- In short, we claim that, although it is partially oxidized, it

does not reach the oxidation state of +3. These results arescopic properties. They have also deposited dithiols on gold
also demonstrated in the TPD spectrum of thiol-coated ironnanoparticles.11 Similar bifunctional molecules (e.g. with
and thiol-coated Fe2O3 where different products are desorbedCONH2 and CO2CH3 end-groups) having 15 methylene groups
from the surfaces.22were coated on gold surfaces by Nuzzo et al.,12 who conducted

In the present work, we have coated a bola-amphiphile, 11-IR, XPS, ellipsometry and TPD (temperature programmed
mercaptoundecanoic acid (MUDA), HS(CH2)10COOH, ondesorption) measurements on the coated surface. The films,
the surface of amorphous iron nanoparticles. The coatedbonded through the sulfur atom, provide a uniform set of
particles were examined by TGA, DSC, TPD, FTIR, XPS andmaterial structures, which differ in the nature of the exposed
magnetic measurements. A bonding pattern of MUDA to thefunctionality at the ambient surface. A comparison between
iron substrate is proposed in light of these results.16-mercaptohexadecanoic acid13 and 4-mercaptobenzoic acid

on gold surfaces revealed that the presence of the aromatic
group inhibits the formation of hydrogen-bonded dimers or Experimentalaggregates of carboxylic acid groups that always exist in
monolayers based on alkanoic acids. Allara et al.14 have coated The preparation of amorphous iron nanoparticles has been
a dicarboxylic acid containing 30 CH2 groups, 1,32-dotriacon- described elsewhere.17b In brief, a 1 M solution of Fe(CO)5 in
tanedioic acid, on a freshly prepared silver surface. The decane was sonicated (Sonics and Materials VC-600, Ti horn,
presence of the 1703 cm−1 , CLO stretching mode of the CO2H 20 kHz, 100 W cm−2) under argon for 3 h at −90 °C. Great
moiety, along with the 1400 and the 1514 cm−1 carboxylate care was taken to minimize oxidation of the product in further
modes, indicates that there are two kinds of chain ends. The steps. Coating with MUDA was carried out in an ethanolic
first is anchored through a carboxylate chemically bound to solution, with an Fe5MUDA molar ratio of 1251.
the silver surface whilst the second type are free CO2H groups. The TGA analysis was done using a Mettler TG-50, and
Contact angle measurements indicate a loop structure for the DSC measurements were carried out on a Mettler DSC-30.

Mass spectrometic measurements were carried out on a Fisonscoated molecule. Disubstituted15 and trisubstituted benzenes
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VG Instrument (AutoSpec E). The MS-spectra were obtained
by direct insertion of the solid probe into the CI ion source.
The reagent gas used was methane. Room temperature FTIR
spectra were recorded on a Nicolet (Impact 410) spectrometer.
The measurements were performed using KBr pellets. The
magnetization loop measurements were conducted at room
temperature using an Oxford Instruments vibrating sample
magnetometer (VSM).

X-Ray photoelectron spectroscopy measurements were
carried out using a 5600 Multi-technique System (PHI, US).
The samples were irradiated with an Al-Ka approximately
monochromated source (1486.6 eV ), and the outcoming elec-
trons were analyzed by a Spherical Capacitor Analyzer
employing a pass energy of 11.75 eV. The samples were
analyzed at the surface after a few minutes of sputter cleaning
with a 4 kV Ar+ ion gun. The sputtering rate was 20 Å min−1
(on SiO2). All the samples were positively charged during
measurements. This charging was compensated for by using a
charge neutralizer with reference to the C 1s peak of hydro-
carbons (ca. 284.8 eV ).

Results and discussion
The investigations into the nature of the chemical bonding of
the bola-amphiphile will be discussed first.

Fig. 2 FTIR spectra of (a) MUDA-coated iron and (b) MUDA inFTIR results the 2450–3000 cm−1 region.
The FTIR spectrum of MUDA bonded to the iron nanopart-
icles and the unbonded MUDA spectrum are presented in

replaced by peaks at 1527 and 1433 cm−1 . The bonding of theFig. 1, in the 1000–1800 cm−1 range. A large shift from 1700
carboxylic end to the substrate is therefore demonstratedto 1540 and 1400 cm−1 is observed for the carbonyl group
unequivocally. Fig. 2 presents the FTIR spectrum of the bareupon bonding of MUDA to the iron particle. This indicates
MUDA molecule and that of MUDA-coated iron, in thethe formation of the carboxylate anion, with both oxygens
wavenumber region 2450–3000 cm−1 . The peak centered atbonded to the iron on the surface. It is worth pointing out
2558 cm−1 in the unbonded MUDA spectrum is assigned tothat almost the same shift was reported16 for 16-MHA coated
the SKH stretching vibration. This peak is absent from theon c-Fe2O3 , where the carbonyl band at 1703 cm−1 was
MUDA-coated iron spectrum, attesting to the formation of a
thiolate ion bonded to the iron surface. Thus, the FTIR
analysis presents evidence for the formation of chemical bonds
to the surface through both ends of the surfactant.

XPS results

The XPS spectra of MUDA and the MUDA-coated iron
particles were measured in the Fe 2p, O 1s and S 2p energy
regions. Liu and Xu,16 who also used XPS measurements for
establishing the bonding between 16-MHA and Fe2O3 , did
not observe binding of the SKH group to the iron atom. They
did, however, observe the XPS peak due to S 2p at 163.7 eV,
i.e. the free SKH group. In Fig. 3 we present the S 2p XPS
spectrum of the MUDA-coated iron particles. The spectrum

Fig. 1 FTIR spectra of (a) MUDA-coated iron and (b) MUDA in
Fig. 3 S 2p XPS spectrum of MUDA-coated iron.the 1000–1800 cm−1 region.
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The third peak, at 270 °C, is associated with breaking of the
FeKOKCO bond. This is in agreement with the corresponding
TGA data from carboxylic acids coated on iron,23b where the
inflection point in the weight-loss spectrum for heptanoic acid-
coated iron particles was detected at 280 °C. The reason that
carboxylic acids form stronger bonds with the amorphous iron
than do thiols is perhaps due to the chelating nature of the
carboxylate ion, which involves the two oxygen atoms in
bonding to the iron. This is also in agreement with previous
studies,16 where only the carboxylic functionality was found
to bond to c-Fe2O3 .

The 200 and 270 °C desorption bands are related to
molecules bonded to iron through only one functional group.
Indeed, the mass analyzed spectra (Fig. 6) of these two peaks
show the same mass, 217 u, corresponding to the (M−1)+
parent molecule. The intensities of the 217 u peaks measured
at the two temperatures are different and will be discussed
below. The desorption peak at 200 °C is therefore assigned toFig. 4 Fe 2p XPS spectrum of MUDA-coated iron.
the MUDA molecule anchored to the iron through a SKFe
bond leaving a free COOH group at the outer surface. Thiswas recorded after 3 min of sputtering the surface of the
assignment raises the question of the disappearance of theparticles with argon ions. The peak obtained for S 2p was
1700 cm−1 peak in the IR spectrum of MUDA-coated iron.detected at 161.6 eV. This energy is close to that reported16,24
The absence of the 1700 cm−1 peak for molecules that arefor an FeKS moiety and is far from that of free SKH. The
bonded to the iron only through the thiol chromophoreFe 2p spectrum is presented in Fig. 4. It was also measured
( leaving a free carboxylic acid in the outer space) is mirroredafter 3 min of sputtering. Two distinct bands are observed for
by the small desorption peak at 200 °C. When the area underthe 2p3/2 transition. The first, at 707 eV, is characteristic of
the peak is evaluated, it is estimated that only 8% of thethe zero-valent iron core. The second peak appears at 710.3 eV
molecules are bonded in this way. Such a weak peak is notand indicates bonding of the surface iron atoms to the
likely to be detected in the IR spectrum.surfactant. The 710.3 eV band points to an oxidized iron

The strongest TPD band at 360 °C can be interpreted assurface. However, the position of this peak does not give any
associated with molecules bonded to the iron particles via bothinformation about the nature of the bonded groups or for the
ends. This higher temperature is required since simultaneousfact that, in our case, two functional groups are indeed bonded
rupture of two bonds from the iron nanoparticle must occur.to the iron.
The bonding of MUDA at both ends to iron atoms can beWhen the spectrum of the untreated particles was compared
envisioned as interparticle or intraparticle bonding. In thewith the XPS spectrum of the as prepared MUDA-coated
interparticle bonding model, the MUDA molecule is stretchediron, we did not observe the 707 eV peak. This indicates that
and bonded to two iron particles, which will then be separatedthe iron on the surface is oxidized, as also observed in ref. 21.
by eleven carbon atoms. In the intraparticle bonding model,
both ends are connected to the same particle, imposing a bendTPD measurements
in the alkyl chain. The mass-analyzed spectrum (Fig. 7) reveals

In Fig. 5, we present the dependence of the total ion current a molecular peak at 341 u. This mass fits well (error of
of the desorbed molecules on temperature. The trace reveals 0.5 ppm) with the empirical formula, C21H41SO. The two
four desorption peaks that were further mass analyzed. The possible structures corresponding to this mass are presented
peaks were detected at around 150, 200, 270 and 360 °C. The in Scheme 1.
lowest temperature peak was interpreted as being related to The scheme shows fragmentation ions which are observed
desorption of the solvent from the iron surface. The second at m/z=307 and 309 and correspond to structures a and b,
desorption peak was attributed to the rupture of the SKFe respectively. The presence of the peak at m/z=309 in the B/E
bonds. This interpretation is based on previous TPD and TGA constant-linked scanning measurement is supportive of
results,19,20 in which the inflection point in the weight-loss structure b.
curve for thiol-coated iron particles was detected at 200 °C.

Fig. 5 Total ion current of MUDA-coated iron as a function of
Scheme 1temperature.
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Fig. 6 CI/CH4 mass spectra of MUDA-coated iron at (a) 200 °C and (b) 270 °C.

The formation of a ‘dimeric’ species also favors the bered ring has already been formed on the iron surface or
occurs during the desorption process is still under investigation.intraparticle binding option of MUDA to the iron particle.

To eliminate the possibility that the desorbed entity is a result The complex structure of the TPD spectrum and the evidence
provided for the bonding of the bola-amphiphile at both endsof dimerization of the parent molecule under MS conditions,

we have also examined the mass spectrum of the parent again raises the issue of the comparison between the bonding
capabilities of the crystalline and amorphous nanoparticles.molecule. The only peaks due to dimeric moieties that were

observed were at m/z=419 and 401, corresponding to the loss The reactivity of the amorphous iron particles is demonstrated
in the bonding of the two ends of the molecule to the substrate,of one or two water molecules from the (M2H )+ ion, respect-

ively (a common ion molecule reaction occurring under MS whereas crystalline c-Fe2O3 bonded with MHA through only
the carboxylate group, leaving the thiol unbonded. We haveconditions). So, the peak at m/z=341 (Fig. 8) arises only from

MUDA-coated iron. attributed this high reactivity of the amorphous material to
coordinatively unsaturated surface sites existing in theThis further substantiates our claim for a desorption process

involving both end-groups of MUDA. Whether the 22 mem- amorphous nanoparticles.

Fig. 7 (a) CI/CH4 mass spectrum of MUDA-coated iron at 370 °C. (b) B/E constant linked scanning from m/z=341 under the same ionization
conditions.
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Fig. 8 CI/CH4 mass spectrum of MUDA.

TGA and DSC measurements

The TGA spectrum of MUDA-coated iron particles is
presented in Fig. 9. The spectrum shows an unstructured
weight loss of 16% over the 200–450 °C temperature range.
However, when the derivative of the TGA curve is calculated,
two peaks at 282 and 363 °C are detected which correspond
very well with the TPD peaks at 270 and 360 °C. The DSC
spectrum of MUDA-coated iron is depicted in Fig. 10. The
strongest feature in the spectrum is the exothermic peak at
290 °C. This is attributed to the transition of the amorphous
iron nanoparticles to the crystalline phase. This peak is
detected in the spectrum of octadecanethiol-coated iron par-
ticles at 313 °C. For bare iron particles the exothermic peak is
observed at 308 °C.17 The temperature shift results from the
broad endothermic peak overlapping the exothermic band,

Fig. 10 DSC spectrum of MUDA-coated amorphous iron nanopart-preventing the location of the true position of the exothermic icles. The heating rate is 10 °C min−1. The carrier gas is 99.999% N2.
peak. The first endothermic peak, which is observed at 100 °C,
is related to the desorption of the various solvents used in the
coating and washing processes. Endothermic shoulders are

thermic peak centered at 350 °C is related to the TPD peak atseen at 210 and 260 °C. They correspond well to the above-
360 °C, corresponding to the desorption of the dimeric species.mentioned TPD peaks related to the rupture of the single
This endothermic peak is responsible for the shift to lowerSKFe and carboxylateKFe bonds, respectively. The deep endo-
temperatures of the crystallization temperature.

Magnetic measurements

The hysteresis loop of MUDA-coated iron particles appears
almost identical to the corresponding magnetization loops of
thiol-coated iron particles and alcohol-coated iron particles.23a
This typical behavior,25 which has been observed previously
and is characterized by the lack of hysteresis and the absence
of saturation of the magnetization, is also observed in Fig. 11.
This behavior is due to the superparamagnetic nature26–29 of
the particles, which has been discussed previously.23 The
magnitude of the magnetization (at 15 kG) is the same as
those observed for other thiol-coated iron particles.

Conclusions
Fig. 9 TGA spectrum of MUDA-coated amorphous iron nanopart-

The current work has investigated the bonding of aicles in the range 200–450 °C. The heating rate is 2 °C min−1. The
carrier gas is 99.999% N2. bola-amphiphile to nanophase amorphous iron particles. The
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