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Abstract Gold nanoparticles (NPs) have been stabilized with a wadéthiol-containing
molecules in order to change their chemical and physicalgataes; among the possible cap-
ping systems, alkane chains with different lengths, a caflilmacid and a thiol-containing
biomolecule (tiopronin) have been selected as protectimaissfor the synthesized NPs;
the NPs solubility in water or organic solvents is deterrdibg the protecting molecule. A
full microstructural characterization of these NPs is préed in the current research work.
It has been shown that NPs capped with alkanethiol chaine hawnarked ferromagnetic
behaviour which might be also dependent on the chain lefigtd.simultaneous presence
of Au-Au and Au-S bonds together with a reduced particle éitam and the formation
of an ordered monolayer protective shell, have been provdsktkey parameters for the
ferromagnetic-like behaviour exhibited by thiol-functadized gold NPs.

Keywords gold nanoparticlesmicrostructure ferromagnetic behaviour

1 Introduction

Transition metal nanoparticles (hereafter NPs) are onbefriost-studied systems due to
their novel electronic, optical and magnetic propertiesaaddition, these nanostructured sys-
tems play an important role in many different fields of scesach as chemical catalysis,
nanoelectronics, biology and, recently, in biomedicalli@ptions, for instance, the labeling
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of targeting cells with nanoparticles as reported by de lenfai et al (2006). Particularly,
the magnetic properties of clusters af dlements, which are non-magnetic as bulk materi-
als, have attracted much of the attention (e.g. Kumar andafae; 2003; Shinohara et al,
2003; Sampedro et al, 2003; Litran et al, 2006; Hernandd, é086c); among thesed4
transition metals, gold has been the target of many invetsbigs either as thin films with or
without an organic layer on top (Carmeli et al, 2003; Reichle2006), or as nanometric
particles with our without capping molecules (Hori et al999Crespo et al, 2004). Despite
all the efforts in this field, the permanent magnetism showthbse systems is not yet un-
derstood (Vager and Naaman, 2004; Hernando and Garci§; Pgdnando et al, 2006a;
Crespo et al, 2006). On this matter, studies regarding tiggnerof the ferromagnetic-like
behaviour (Yamamoto et al, 2004; Negishi et al, 2006) werbopmed by means of x-ray
magnetic circular dichroism (XMCD); unfortunately, in spbf having two research works
trying to discern the origins of such a particular magnegicdyiour, the reason behind it still
remains unclear. Recently, a set of new experiments wasrpgetl in our research group
that studied the influence of the particle diameter in themetig behaviour of thiol-capped
gold NPs (Guerrero et al, 2007). Even though there has beeakhwof experimental work
in these systems, there is a need of investigating new stalgossibilities such as capping
molecules, functional groups, particle morphology anderadout electronic and magnetic
properties in order to systematically increase the knogéedf these nanostructured sys-
tems.

Based on the method proposed by Brust et al (1994) to syathabliianethiolate-capped
gold NPs, we have produced gold clusters functionalizedugjin Au-S bonds, with dode-
canethiol and octanethiol molecules, samples named Auy-8Gd Au-SG respectively.
Simard et al (2000) developed a synthesis method that weusadeto produce gold NPs si-
multaneously capped with both octanethiol and thiolatetkoanoic acid molecules (sample
labelled Au-S@/SC;;COOH). Finally, following the synthesis method presentgdrem-
pleton et al (1999), we have synthesized water soluble gétd Bhapped with tiopronin
(Au-ST), which is a synthetic thiol-containing biomoleeul

In all the synthesized samples, we have carried out a thbretigly of the microstruc-
ture, chemical composition and magnetic properties, ieota understand the nature of the
nanostructures which in some cases are responsible oftpaai ferromagnetic behaviour.
Furthermore, the solubility properties in organic and agsesolvents along with the func-
tionalization possibilities that offer the used thiol-taining protective shells, open a wide
range of options, specially in biomedical applications.

2 Theoretical background

As described in Sect. 1, combined theory-experiment papmars recently appeared which
report a new theoretical explanation and compare suchythveithh somewhat newer super-
conducting quantum interference device (SQUID) magnetgnresults (Vager and Naa-
man, 2004; Hernando and Garcia, 2006; Hernando et al, 20D6ese papers claim to offer
a more than plausible explanation that would reconcile rthemd experiment; the high
magnetic anisotropy required to block up the magnetic mamieAu NPs, with a diameter
lower than 2 nm, up to room temperature suggests that odmtgtibution to the magnetic
moment can not be disregarded. The theory proposed by Hipremal (2006a), which rea-
sonably explains the orbital magnetism observed in diffen@nostructured films, assumes
the induction of orbital motion of surface electrons aroondered arrays of Au-S bonds. It
is considered that electrons are pumped up from the substréhe molecular layer (Vager



and Naaman, 2004), at the same time, spin-orbit effectsyirio be extremely important

in gold surfaces, must be taken into account: a strong spin-coupling @,h% = 0.4 eV,
wherea; is the splitting strength of thp band) has been measured by LaShell et al (1996)
for gold surfaces by means of angle resolved photoemisgiectmscopy and, theoretically
described within a nearly-free-electron model by PeteesehHedegard (2000). Based on
the latter statements, Hernando et al (2006a) proposeditedt, dependent part of the
HamiltonianH, wherez stands for the direction normal to the surface plane, canriitew

as

L2A2
- ﬁfz — arLsA?, (1)
here ¢ is the radius of the thiol-capped region amd,ands, are the mass and the spin
component along the axis of the free electron respectively. The value of the tuan
numberL; that minimizes Eq. 1 is given by

L, = mé2a;s, 2)

This spin-orbit interaction together with a large radiuhaf self-assembled thiolated molecule
domains should be the driving force for inducting orbitaltioo as claimed by Hernando
et al (2006a,b).

Despite the small gold clusters structure remains contsiaden the range from four to
30 atom clusters (e.g. Koskinen et al, 2006; lwasa and Nalays2007) -please note that
the proposed models have different structures dependirigeonumber of atoms involved
in the cluster- it seems to be widely accepted that in theg@g0 nm, gold NPs are most
likely faceted clusters with a close-packed structure. (Elmushak and Bartell, 2000; Ya-
caman et al, 2001; Lopez-Cartes et al, 2005). In addispontaneous reconstruction of
(001) gold nanofilms into (111) close-packed structuresleen previously reported by
Kondo et al (1999); this profound atomic reorganization lbesn studied by Takayanagi's
group in the past which has observed atomic movements in gahafilms (e.g. Kondo
and Takayanagi, 1997) and in gold fine particles (e.g. Mitetnal, 1990) with diameters
below 10 nm. If a protecting molecule is included in the systéhe molecule-substrate
interface, which strongly influences the molecular ordgriwill still remain a controver-
sial point. On this matter, the thiol-induced reconstmesi of gold (111) surfaces has been
subject of study by Yu et al (2006): the thiol adsorption ioelsl a strong modification of
the Au atomic position in the outermost layer that leads taréety of surface reconstruc-
tions depending on the adsorbed thiolated molecule, wikiah &greement with the ability
exhibited by thiol-derivatized gold NPs to exchange ligaad proved by various research
groups, mentioned throughout the current manuscript {alhem Sect. 3.1), dedicated to
study the nanoparticle synthesis process. Moreover, edletliesearch works indicate that
the surface rigidity, i.e. surface atoms mobility, is semiin both two-dimensional systems
and nanoparticle facets. Therefore, the theory developetio-dimensional systems by
Hernando et al (2006a) could be extrapolated to Au NPs. Ib iset noted that at least a
fraction of the surface electrons have to keep their mghditdelocalization in order to be
available for being captured in the orbits. In any case,rigas of what the details about
the microscopic origins of the magnetization are, it seawiset well established that the
magnetization arises from modifications of the NPs surféeetmnic structure biased by
the binding between Au atoms and the organic molecules.



3 Experimental details
3.1 Sample preparation

The alkanethiolate-capped gold NPs have been obtainedfitmmuid-liquid phase reduction
at room temperature following the method proposed by Bitedt(@994); the Au:thiol molar
ratio was set to 1:2, dodecanethiol and octanethiol werd tsaynthesize two different
samples: one with long alkane chains (Auig&nd another one with shorter alkane chains
(Au-SGg). First, Au(lll) is transferred from an aqueous solutiomt@ning HAuUC), (Fluka
99%, 0.064 g in 6.4 ml of milli-Q water) to degassed and driéddne: tetraoctylammonium
bromide (Aldrich 98%, 0.112 g in 20 ml of toluene) is used aspghase-transfer agent. The
mixture is strongly stirred for 10 minutes. Once the aquethese is removed, 0.1 ml of
dodecanethiol (for the Au-Sg sample) or 0.07 ml of octanethiol (for the Au-g€ample)
are added to the organic phase under strong stirring for Gtesnboth thiols were purchased
from Aldrich and are 98.5% pure. Then, the formed Au-SR p@simprecursors (R ={3 or

R = Gg) are reduced with an aqueous solution of NaBAldrich 99%, 0.1 g in 6 ml of milli-

Q water) which is a reducing agent. The presence of an alkehetither dodecanethiol or
octanethiol, leads to the formation of Au-S bonds whichdsathe metal clusters preventing
them from agglomeration. Subsequently, the organic phasedecanted from the aqueous
phase and the toluene was removed under low pressure by rkan®tary evaporator.
Finally, the resulting Au NPs were precipitated with etHafiltered, washed and dried.

A new type of particles capped with two different ligandshet same time were synthe-
sized by the method proposed by Simard et al (2000). To 60 MgeBCs NPs we added
317.1 mg of 11-thioundecanoic acid (Aldrich 98%) dilute®iml of tetrahydrofuran. This
mixture was stirred in nitrogen atmosphere during two d@yen, the organic solvent was
removed under low pressure by means of a rotary evaporat@ilyf the solid phase was
filtered and washed with dichloromethane; this sample waedéal as Au-Sg/SC;1COOH.

The last system to be synthesized was a set of Au NPs cappediegtonin, which
is a synthetic thiol-containing biomoleculef@NO3S). In this case, the followed method
was the one reported by Templeton et al (1999). The procass &ty adding 0.060 g of
tiopronin (Sigma) and 0.124 g of HAugto a 14 ml 6:1 solution of methanol and acetic
acid. Once this has been done, the solution turns into agediliThen 0.24 g of reducing
agent (NaBH dissolved in 6 ml of milli-Q water) are added to the previookigon. The
mixture is quickly stirred and turns immediately into a l@cspension which will be stirred
for 45 minutes. The next step is the solvent removal in lovspuee by means of a rotary
evaporator. Now, 25 ml of milli-Q water are added to the sysémd the acidity is corrected
to pH=1 with concentrated HCI. The solution is then purifigddialyzis using cellulose
membranes (Spectra/Por CE, MWCO=10000). The dialyzisgg®dasted 72 hours and
milli-Q water was refilled every ten hours. Finally, waterésnoved by lyophilization.

3.2 Sample characterization

The iron and gold content in the studied samples was evaluateinductively coupled
plasma-atomic emission spectrometry analysis (ICP). Theuat of light elements in the
samples such as carbon, hydrogen, nitrogen and sulphurdetasmined by elemental
chemical analysis. The chemical composition of the sampéessalso measured by energy
dispersive X-ray analysis (EDX) in a transmission electrooroscope (TEM).



TEM analysis was carried out in a Philips CM200 microscopekimg at 200 kV. The
approximate particle size distribution histograms werasoeed using an image analyzer
software that determines the cluster radii from a digitadge of the micrographs.

X-ray absorption spectra (XAS) of the Au NPs were recordetlansmission mode at
the BM29 beamline of ESRF. The samples were measured agthisupported pressed pel-
lets. Spectra were recorded at the At nd Lz-edge, at 13734 and 11919 eV respectively.
The extended X-ray absorption fine structure (EXAFS) aattilhs were quantitatively ana-
lyzed with the software package developed by Bonin et alg).98he coordination numbers
(N), bond distances (R) and Debye-Waller factar3 {ere extracted using a least-square
fitting procedure that uses the theoretical phases and taigdi proposed by Zabinsky et al
(1995). These parameters have been previously compared foilland AwS (Aldrich,
99.9%) reference samples.

UV-Vis absorption spectra were recorded in transmissiodenin these measurements,
the gold NPs were dispersed in liquid solutions (1 mg/mB:Ali-SG» and Au-SG samples
were dissolved in toluene, the Au-gSC;;COOH sample was dissolved in ethanol and the
Au-ST nanoparticles were dissolved in water. The spectra wexorded in the range 200 to
850 nm with a Shimadzu UV-2102 PC spectrometer.

Magnetic measurements have been performed using a Quarsigrisuperconducting
guantum interference device magnetometer. The samplerhislddhesive kapton which is
sticked to a quartz tube. The diamagnetic contributionesponding to the sample holder
is previously measured and subtracted from the total maztietn.

4 Results and discussion
4.1 Microstructural and chemical characterization

The chemical composition of the samples is summarized ifeThlas determined by ICP
(Au and Fe content) and elemental chemical analysis (C, Hhd\Secontent). The chemicals
and solvents used in the NPs synthesis may contain iron itrggrtypically, down to the
ppm level; the synthesized samples may contain contaramatym dispersed Fe which has
its origin in the aforementioned impurities.

Table 1 Average size and chemical composition data for the selesaetples.

Sample Au Fe S C H Au:S DA Nriota® % Nrsyrface®
wi%  wit% @ wt%  wit%  wit%  (at.ratio) (nm)

Au-SCpo 50.3 0.007 4.1 243 44 2.0 2.0 177 69

Au-SGg 86.3 0.096 45 139 23 3.1 2.3 249 65

Au-STd 624 0.024 49 100 1.3 2.0 25 369 55

Au-SGg/SC;1COOH 524 0.180 6.2 293 43 15 1.9 141 70

a Average particle size as calculated from particle sizeitigion histograms.

b Number of atoms calculated for a spherical pure gold cluster

¢ Percentage of surface atoms calculated for a pure goldeclust

d This sample contains some nitrogen from the amino groupeofitipronin molecule: N (wt%) = 2.2.

Fig. 1 contains a representative TEM micrograph from theSAusample. These NPs
have an average diameter of 2.5 nm as evaluated from thegrasto however, it has been
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Fig. 1 TEM micrograph and particle size distribution histogramhef Au-ST sample.

found that very long exposures of these NPs to the electramlzan produce a slight in-
crease of their size. The TEM micrographs of the AurS&hd Au-SG samples are shown
in Fig. 2: the Au-S@; sample, already studied in a previous investigation by eueret al
(2007) that evaluated the NPs size effects in the magneisshere included to check how
the length of the thiolated chain affects the physical prisge The average cluster diam-
eter measured for these NPs is 2.0 and 2.3 nm respectivedyTEM micrograph of the
Au-SGg/SC;COOH sample is presented in Fig. 3, in this case, the aver&ydiameter
determined from the histogram is 1.9 nm.

Despite the Au-Sgsample is used as a seed in order to synthesize the AIBEGCOOH
sample, after the ligand exchange reaction, there is agaiile decrease in the NP average
diameter. Indeed, this size difference has been previgaglgrted by Schaaff and Whetten
(1999); the seed-NPs are dissolved in a solution that aminew ligand, then an etch-
ing process starts in which gold atoms from the outermos$asenayer of the seed-NP are
removed from the metallic cluster core. The new NPs are em#ian the seed and the
detached gold atoms can be found in a polymeric-like phasddibto thiol ligands; this
phase and the polymeric precursor which results from stgpgiie NP synthesis process
just before a reducing agent (NaBHs added are alike. In fact, Fig. 3 shows a more dif-
fuse contrast around the NPs along with a blurred image aingttallic NPs core due to the
existence of a polymeric-like phase.

4.2 Electronic structure and microstructure

The electronic structure, as well as the magnetic propgemiegold NPs are strongly depen-
dent on their microstructure. Therefore, a XAS study of thmples has been carried out
focusing on the analysis of the X-ray absorption near edgetsire (XANES) data and the
EXAFS region of the spectrum. Fig. 4 shows the normalized sedtlge XANES of the four
samples compared to both a bulk gold foil and a gold sulphide$) reference samples. In
this figure, the first resonance at the edge (around 5 eV) imt® significant feature of the
XANES spectra. This resonance, also called white line,|l&ed to a P32 1/2 — 5ds/2.3/2
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Fig. 3 TEM micrograph and particle size distribution histograntha Au-SG/SC;1COOH sample.



dipole transition. Typically, the white line intensity ieny strong for transition metals with
a partially filledd-band and it gives an idea of the density of unoccupied steesever,
the | orbital of Au atoms is nominally full which means that thenséion probability from

a given energy level to adorbital is close to zero. Nevertheless, due tead hybridation,

a faint white line can still be detected in the bulk gold XANE&ectrum. A more intense
white line relative to the bulk gold one indicates an inceeatthed-hole population, i.e.
charge depletion in the NPs just above the Fermi level (ké&partes et al, 2005), as it hap-
pens in the studied systems. Regarding the meaning of thiggehin thed-hole population,

it has been previously stated by Benfield et al (2001) thatemgé in the local geome-
try of a given system could lead to a variation on the hybritabf the valence orbitals
which would be reflected as an intensity change of the white. IHowever, the systems
studied in the current research work present XANES osigliatat the very same points as
bulk gold do. This means that the investigated NPs have aatiipe fcc structure similar
to bulk gold (c.f. Menard et al, 2006). Then, it could be sd&idttany change in the white
line intensity should be due to a charge transfer phenombetween gold and sulphur, as
Zhang and Sham (2003) have previously reported . Of courseatgument is valid only for
clusters with fcc-like structure and, for instance, it bnbt be applied for very small NPs
where the geometrical factor would produce a significanhgkan the valence orbitals hy-
bridization and, subsequently, in the white line intensiych a modification in the atomic
structure of nanometric particles, where different sweféaceting effects appear depend-
ing on the nanoparticle size, has been already reported tgmyan et al (2001). The latter
assumption is used to justify the use of a gold sulphide eefer sample to compare with
the Au-SG/SC;1COOH sample; both systems show similar XANES oscillatitimstefore,
they could be enclosed in the same structural group. In suyntiee white line from bulk
gold and AyS can be used to delimit the metallic and non-metallic ctiarasf the studied
samples.

The Au-SG/SC1COOH sample presents a white line similar to the one from tid g
sulphide reference (Fig. 4a), which suggests that this kahgs a polymeric-like electronic
structure; this is the electronic structure that would espond to a polymeric precursor, as
it has been previously described in previous publicatitesn@ard et al, 2006; Guerrero et al,
2007). The gold found in the polymeric precursor happensat@ lan electronic behaviour
far-off from the one of bulk gold, instead, the electroniogerties of the polymeric precur-
sor and the commercial gold sulphide are alike: the largebmurof gold atoms bonded to
sulphur leads to a maximum value of tHéhole density in the Au atom. On the contrary,
the samples labeled as Au-ST, Au-S@nd Au-SG have almost the same faint white line
which is comparable to the one from bulk gold (Fig. 4b). Duéh® modification, through
Au-S bonds, of the outermost gold atoms in the NPs, theirantnie is always slightly more
intense than the one from bulk gold.

In Fig. 5 the Fourier transforms of the EXAFS oscillationghat Au Ls-edge kweighted,

k space range of 2.8-13&-1 without phase corrections) are shown. The spectra comespo
to the Au-SG» and Au-SG samples compared to the bulk gold (top) and to the Au-ST and
Au-SGg/SC11COOH samples compared to the gold sulphide reference sgbgitem). The
spectrum of the Au-SgSC;;COOH sample shows a peak in the first coordination shell,
around &, which corresponds to the Au-S bond, this peak is the mopbitant contribu-
tion in this sample and confirms the existence of a -Au-S-Abehd network. In addition,
the Au-Au coordination peaks, around 2.5 and&,@an also be observed; regarding these
peaks, the Au-ST sample has stronger Au-Au features thatuti®Cg/SC, 1COOH sample.

In principle, this result match the conclusions that canieaeted from the TEM micro-
graphs where the Au-ST sample shows larger and better dgdartidles and the XANES
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Fig. 4 Au L,-XANES spectra from the various samples compared to buld ¢l foil) and AwS reference
samples: (a) the Au-SISC;;COOH and Au-ST samples; (b) the Au-§Gnd Au-SG samples.

spectra where, according to the white line intensity, theS&g/SC;;COOH has a more
polymeric behaviour than Au-ST. In fact, we have comparedAb L,-XANES spectrum
of the Au-SG/SC;1COOH sample with a linear combination of the Apg-XANES spectra
from the Au-SG sample and a pure Au-SR polymeric material isolated dutiegsiynthe-
sis of Au-SR nanopatrticles. The results of such study calecthat a good agreement is
achieved if a strong component (around 50%) of polymer4tikase is present in the Au-
SGs/SC;1COOH sample.

For the Au-SG; and the Au-S@samples, both the Au-S coordination shell and the typi-
cal Au-Au coordination peaks appear in the upper side of3ziglhe Au-SG> has a stronger
Au-S component; this is expected since the Au-SRPs are slightly smaller than the Au-
SG. Therefore, the number of gold surface atoms bonded to sulplproportionally larger
compared to the number of gold atoms bonded to gold atomsATH&ET sample shows the
smallest Au-S component as corresponds to a NP with thestagerage diameter.

The quantification of the EXAFS observations is presentdtigné where experimental
data and simulation results of the EXAFS oscillations amtiatadistribution functions are
included. In this figure, every investigated sample is pregkbut the reference samples:
bulk gold and gold sulphide. The results of the EXAFS simaflet are summarized in Ta-
ble 2; the following structural parameters were determigedrdination number (N), bond
distance (R) and Debye-Waller factar)( The Au-Au and Au-S coordination numbers of
the Au-SG and Au-SG» samples are consistent with the particle size decreasg afidiman
increase in the number of gold atoms bonded to sulphur. litiaddthe Au-Au bond length
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Fourier transform amplitude

Fig. 5 Modulus of the Fourier Transform of EXAFS oscillations ag thu-Lz-edge k weighted,k space
range of 2.8-13.2 ! without phase corrections) for the Au-§CAuU-SG, Au-ST and Au-S@/SC;1COOH
samples compared to bulk gold (Au foil) and /AAireference samples.

has been estimated for these samples and it is &, Zhich is shorter than the evaluated
distance for bulk gold (2.88). This bond length difference indicates a lattice cortirat
already reported by Zhang and Sham (2002) for small goldelsisRegarding the Au-ST
sample which contains larger particles, the Au-Au coorilimanumber increases and the
Au-Au bond distance, being 2.8%) is closer to the bulk value.

Very precise microstructural information has been obtifinem the transmission elec-
tron microscopy and the XAS data. This has been very impbstdmen interpreting the
UV-Vis absorption behaviour of the samples. Typically,face plasmon resonance bands
(hereafter SPR) dominate the 400-800 nm wavelength rangeldfnanoparticles UV-Vis
absorption spectrum. As the particles become smaller, teehigroportion of surface gold
atoms bonded to sulphur lead to charge localization at th& Aond that decreases the mo-
bility of free electrons (Garcia et al, 2005) and the absongntensity at the plasmon region.
In fact, the UV-Vis spectrum of the larger alkanethiolatethoparticle (Au-Sg) shows a
weak plasmon resonance around 520 nm (c.f. Fig. 7), wheneabisorbance of the smaller
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Table 2 Best fitting parameters of the Austedge EXAFS oscillations of samples.

Sample Elementd Nb R(A) ¢ o(A)d Ao?x 1073
(£0.02A) (A2
Au foil (Au-Au) 12 2.85 0.073t 0.015
AuszS (Au-S) 1.9+ 0.4 231 0.063+ 0.013
AU-SCp (Au-S) 0.75+ 0.15 2.30 0.093- 0.019
(Au-Au)m 5.0+ 1.0 2.77 0.078t 0.016 0.8
AL-SCy (Au-S)  058+0.12  2.30 0.10: 0.02
(Au-Au)m 5.60+ 1.12 2.77 0.094 0.018 3.0
AU-ST (Au-S) 0.48+ 0.10 2.26 0.09@: 0.018
(Au-Au)m 89+1.8 2.80 0.089t 0.018 2.6
(Au-S) 1.0+ 0.2 2.30 0.050t 0.010

AU-SG/SCuCOOH (N Au)n 2.0+ 0.4 280  0.085 0.017 1.9

a Type of atoms in the coordination shell.
b Coordination number.

¢ Bond length.

d Debye-Waller factor.

°  experiment Au-SC,SC, COOH

“ simulation (b) E

k (k)

Fourier transform amplitude

2 4 6 8 10 12 14 453

k (A R(A)

Fig. 6 Experimental and simulated EXAFS oscillations and radistridbution functions for Au-Sg, Au-
SGg, Au-SG/SC1COOH and Au-ST samples.

clusters decay in the visible region. The Au-ST sample, itlesaving the largest nanopar-
ticles, does not show any plasmon resonance around 520 rismré&dult agrees with the
UV-Vis spectra reported by Templeton et al (1999) where tAR $and intensity is lower
for tiopronin-functionalized NPs than for alkanethiobfected particles of similar size. This
effect has been associated to a lack of order in the tioprapping system and may also be
related to differences in the dielectric properties of atihiolated and tiopronin monolay-
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Fig. 7 UV-Visible absorption spectra for the Au-3£ Au-SGs, Au-SGs/SC;1COOH and Au-ST samples.

ers; its origin is still unclear and needs further analysos.the Au-S@/SC;1COOH sample,
the presence of a polymeric-like phase produces a strongatezin UV-Vis absorption due
to the lost of metallic character and to the total chargelipation at the -Au-S-Au-S- bonds.

4.3 Magnetic properties

Magnetization curves measured at two different tempegat(s and 300 K) on the Au-S&
Au-SGg, Au-ST and Au-S@/SC;1COOH samples are presented in Fig. 8. The physical
magnitudes, estimated from the measured hysteresis cateesummarized in Tab. 3. The
magnetization is normalized to the estimated mass of bogd&twhich was determined
from the ICP analysis results. Since the Au:S ratio is greht one for every studied sam-
ple, it has been assumed that all Au atoms located at the adith surface are bonded
to a thiol group. Even at room temperature, samples Agp3@d Au-SG clearly exhibit

a ferromagnetic-like behaviour. The magnetization vakteSK are quite similar for sam-
ples Au-SG; and Au-SG, Mg = 0.135 emu/g Agbndeqand Ms = 0.105 emu/g Abbnded
respectively, which would be equivalent to say that magaétin is almost the same for
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Table 3 Magnetic properties for the selected samples estimated figsteresis cycles measuredrat 5 K.

Sample Alonded® Ms P Hau © Vay ¢ K¢®

wit% (emu/g Au bonded) 1)  (nmP) (107 I/nP)
Au-SCp» 34.7 0.135 0.005 2.9 3.6
Au-SGg 56.0 0.105 0.004 4.1 2.5
Au-ST 62.4 0.03 0.001 4.5 paramagnetic
Au-SG/SC;1COOH f 36.8 0.016 0.0006 2.6 4.0

a Estimated amount of gold atoms bonded to sulphur atoms.

b Magnetic saturation.

¢ Magnetic moment per bonded gold atom, expressed in Bohr etaigminitsuig.

d Estimated volume of gold atoms bonded to thiol groups.

€ Anisotropy constant.

f Estimation of dispersed Au atoms in the polymeric phasetipassible, therefore it is assumed that all Au
atoms in this sample are within the NPs core.

samples protected with a similar organic chain. Coercfisfels of 90 and 49 Oe were also
measured for the Au-SG and the Au-S@samples respectively. From the previously deter-
mined values, the magnetic moment of a bonded Au atom is a&dio beua, = 0.005ug

and ua, = 0.004ug, for the Au-SG, and Au-SG@ samples respectively. The quite similar
values of magnetic moment provide further evidence thaafipearance of a net magnetic
moment should be undoubtedly attributed to the chargefgatigat occurs through the Au-

S bond. Moreover, it also depends on the geometry/strucfutee organic capping chains.

It is worth to remark that magnetic hysteresis is observad@n temperature for samples
Au-SC2, Au-SG and Au-SG/SC;1COOH which implies that magnetic moments should
be "frozen” due to an enormous local anisotropy field, thisngethat the anisotropy con-
stant should be, at least, 10/m?. The anisotropy constant value is estimated by comparing
thermal energyks T wherekg is the Boltzmann constant and, anisotropy enefdy,where

K stands for the anisotropy constant andor the volume occupied by surface Au atoms
bonded to thiol groups. The estimat&dvalues are summarized in Tab. 3 and should be
taken as a lower limit since it has been determined in ordehtwv ferromagnetic-like be-
haviour even al = 300 K. Clearly, higheK values are also feasible since they would also
be compatible with having ferromagnetic-like propertiesoam temperature.

Despite charge transfer between gold and sulphur, whichdeteymined by XANES
measurements, and the high percentage of dispersed gohd &tanded to sulphur in the
Au-SGg/SC1COOH sample, the magnetizatioMld = 0.016 emu/g Agonded) iS One order
of magnitude smaller than the magnetization measuredKanathiol-capped Au NPs. This
peculiar behaviour should be linked with having a consibleramount of Au atoms in a
polymeric-like phase, i.e. bonded to thiolated ligandscd®ly, the magnetic behaviour of
pure polymeric-like samples was studied, such researck slwowed that polymeric-like
samples exhibited a very weak magnetic signal. From thikwgrGuerrero et al (2007),
it was concluded that the simultaneous presence of Au-Aufan® bonds is essential in
order to have a significant ferromagnetic-like behaviour.

Finally, for Au NPs stabilized with tiopronin, the magneiiion curve is quite differ-
ent from the previous curves. In this case no ferromagneti@our is observed, instead,
there is a linear dependence of the magnetization with theezpexternal field. The mag-
netization isMs = 0.03 emu/g AuondegWhen a 1 T external magnetic field is applied. The
absence of ferromagnetic-like behaviour indicates tharmisotropy field is present in these
nanopatrticles.
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Fig. 8 Hysteresis loops corresponding to the gold thiol-cappetparticles Au-S& (a), Au-SG (b), Au-
SG/SC1COOH (c) and Au-ST (d). The measurements were performedaatlifferent temperatures: 5 and
300 K.

The magnetization curves summarized in Fig. 8 clearly sugithat although the charge
transfer between gold and thiol groups is the responsibighfe appearance of a non-
negligible magnetic moment, the anisotropy field respdedir the ferromagnetic-like be-
haviour is determined not only by the bond nature but alstvexapping molecule. Since all
Au NPs are capped with thiol-functionalized molecules,isinmagnetic features should be
expected for all the samples, such magnetic propertiebisidgrgo slight variations arising
from the different Au:S ratio, as well as particle diametdnsprevious studies, it has been
demonstrated that magnetism appears when organic madefonre self-assembled mono-
layers on gold substrates. Therefore, since the white fitensity of the Au NPs stabilized
with tiopronin is very similar to the measured intensity &tkanethiol-capped Au NPs, the
absence of ferromagnetism in Au NPs capped with tioprontuhbe related with the lack
of order in the chemisorbed layer as reported by Templetah (@999).

Samples capped with alkanethiol molecules exhibit thedsglalues of magnetization.
While NPs from the Au-S& sample are bonded to twelve-carbon chains, NPs from the
Au-SCGg sample are bonded to eight-carbon chains; since both NRséhaery similar di-
ameter, this experiment would be a test to check how theatadIchain length affects the
magnetic behaviour. The results are slightly differenttfoth samples, in fact, the Au-3£
sample shows a higher magnetization, as well as a higheciteeffield, than the Au-Sg
sample. The effect can be related to a slight increase inhthege transfer value from Au
to S when increasing the length of the alkanethiol chain dsal t@ differences in the de-
gree of order during the formation of the self-assembledegtve shell. It is also worth
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mentioning that for these two samples a broad surface plasesmnance band is detected,
while for the Au-ST sample, even if it is the nanoparticlehwiibhe largest diameter, such
a feature is not present. Thus, as the SPR band in the alwsoggectrum indicates, the
absence of anisotropy field in the Au-ST sample could beeélaiith the lack of order in
the capping system, in contrast with the formation of alltaioéself-assembled monolayers
on gold surfaces. Concerning the Au-$8C;;COOH sample, which is obtained from the
Au-SGs sample, some differences should arise from the formatichepolymeric phase
which favours the absence of the SPR feature. Besides, tite wle intensity of this sample
has the highest value of them all and, in addition, the magmi&n values are one order of
magnitude lower than the rest. This behaviour is attribtieitie presence of the polymeric
phase in which Au atoms are bonded to S atoms, but no Au-Ausharelformed. Hence,
this result again indicates that the ferromagnetic-likedv@ur is connected to particle for-
mation, i.e. to the existence of a metallic nanoparticlés Bapports the model proposed by
Hernando et al (2006a,b) which accounts for such a high tiojgofield. This model takes
into account the high values of the spin-orbit interactivryeld surfaces (LaShell et al,
1996) and the fact that, according to the SPR band, in the Isartipat exhibit ferromag-
netic behaviour the Au-S bond generatdddcalized holes. It is proposed that the localized
charge or spin that is originated due to the Au-S bond at tmeperticle surface, drives
the induction of orbital momentum at the conduction elewirto minimize spin-orbit inter-
action. The giant anisotropy to which the localized spirsexposed to is due to a strong
effective magnetic field which has its origin on the coupliady, via spin-orbit coupling.

The ICP analysis shows that there is Fe contamination inamptes always. However,
the level of Fe impurities cannot explain the observed mezpi@on behaviour since the
sample with the lowest Fe content (Au-Shas the strongest ferromagnetic feature. In
addition, recent experiments by Crespo et al (2006) havertegh that magnetic impurities,
far from inducing a ferromagnetic behaviour, reduce theofeagnetic order temperature
in thiol-capped Au glyconanoparticles. Also in the casehaf Au-SG, sample, the total
amount of found iron could not account for the measured ntagat@n even if we consider
only Fe concentrated in metallic particles, which is likebt the case.

5 Conclusions

Gold NPs have been stabilized with a variety of thiol funcéiized molecules in order to
modify their chemical and physical properties. Followihg Brust method, alkanethiolate-
capped NPs have been obtained with two different thiolasnckengths. Water-soluble
tiopronin-capped NPs were obtained following the methagppsed by Templeton. The NPs
capped with the shortest alkanethiol chain were modifieddeioto include also thiolated
chains bonded to a carboxylic group. This has shown thatlbsshe magnetic properties of
the synthesized gold NPs, due to their thiol-protectindlsigth different functional groups
and solubility properties in organic and aqueous solvahese NPs have a clear potential
in many applications.

At the same time, we have carried out a thorough study of tleeastructure, chemical
composition and magnetic properties that has allowed usterine some key factors
responsible of the singular ferromagnetic behaviour faarttiiol functionalized gold NPs.
In agreement with a previous investigation (Guerrero €@0y7), it has been experimentally
proven that the simultaneous presence of Au-Au and Au-S @checessary to detect
ferromagnetic behaviour in thiol stabilized nanostruesurPolymeric-like phases (-Au-S-
Au-S- bonds) do not show magnetization features. In additibe formation of ordered
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self-assembled monolayer domains at the protective shafiother fundamental parameter
necessary to observe a ferromagnetic-like behaviour.€Ttesults would support the theory
proposed by Hernando et al (2006a) which explains the gridfimagnetization via induced
orbital momentum.

Finally, for alkanethiol functionalized NPs, we also fouadariation of the magnetic
properties with the thiol chain length. The differencessarall, however, a slight tendency
was observed for a decrease in magnetization when shagtéreralkane chain.
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