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Abstract

ArF laser photolysis of ferrocene in hexane yields hydrocarbons produced from both intermediate cyclopentadienyl radical and the solvent,
and it affords chemical solution-phase deposition of Fe-based particles which consist of a Fe core and oxidized outer layers. These particles are
covered with a carbonaceous polymer, they have a characteristic UV spectrum and show both a ferromaghiiefd superparamagnetic
(T>120K) behaviour.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction create suitable conditions for formation of iron nanoparticles
incorporated in a polymer. These materials are finding recent
UV laser-induced multiphoton dissociation of ferrocene interest6].
in the gas phase is knowh(a)—(d)]to yield iron atoms and In this paper, we show that the photolysis of ferrocene in
presumablyf2] cyclopentadienyl radical. The feasible gas- non-polar solvent can be accomplished by using an intense
phase production of high density of Fe atoms by ArF laser ArF laser radiation and that it results in the formation of Fe
photolysis of ferrrocene has been recently used for the depo-nanoparticles that are covered with a carbonaceous phase.
sition or Fe and Fe/C nanoparticlgy, the latter obviously ~ We deduce on the fate of the photolytically produced cy-
originating from the cyclopentadienyl radical decomposition. clopentadienyl radical in solution and show that the deposited
This facile gas-phase photochemical decomposition con- particles possess characteristic UV—-vis spectrum and have
tradicts with ferrocene photochemical stabil[$] in non- temperature-dependent magnetic behaviour.
chlorinated solvents under conditions of conventional low-
intensity UV radiation, which suggested the use of ferrocene
and its derivatives as protective ultraviolet absorljg}s
The liquid-phase UV photolysis of ferrocene at high laser
irradiation intensity has not been yet studied, despite that the
solvent could provide a cooling effect to the produced frag-
ments and the reaction is of interest in view of possible cy-
clopentadienyl radical-induced polymerisation, which might

2. Experimental part

Solutions of ferrocene (Aldrich, 98%), 1.3-1x6.0~3
molar in hexane (Cica-Reagent for spectroscopy), were
stirred by a magnetic bar in a 4 ml quartz cell or in a 50 ml
quartz tube under Ar and irradiated with an ArF (Lambda
Physik CPX 200) laser with a repetition frequency of 10 Hz.

* Corresponding author. Tel.: +420 2 20390308; fax: +420 2 20920661. 1 e irradiation time was several minutes (experiments in the

E-mail addresspola@icpf.cas.cz (J. Pola). quartz cell) and 2—-3 h (experiments in the quartz tube). The
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laser energy effective on the incident area was 100mJ on 4 1
1 cn? (the cell) and 300 mJ on 5 éhfthe tube). The progress
ofthe ferrocene photolysis conducted in the cell was followed
through UV spectra (a Shimadzu UV-2100 spectrometer).

After the irradiation, particles formed during the photol-
ysis in the tube were centrifuged from the solution, washed
with hexane and again centrifuged. This procedure was re-
peated three times and the obtained solid was treated under
high vacuum. 0560 280 300 3% 400

The centrifuged solutions freed of the particles were anal- Wavelength, nm
ysed on a gas chromatograph (a Gasukuro Kogyo 370 chro-_. N 3 _
matograph, a 2m SUS Unipak S column, programmed tem- Flg. 1. ArF laser irradiation of 1._8 10~ M hexane solution of_ferrocene

e in the cell. (Fluence 100 mJ crA; the built up of the absorption curves
perature 30-150C, flame-ionization detector) connected cqrresponds to the irradiation for 0-420's with an increment of 70s).
with a Shimadzu CR 5A Chromatopac data processor and
on a GS/MS spectrometer (a Shimadzu QP 5050 mass spec-
trometer, 60 m capillary column Neutrabond-1, programmed
temperature 30-20(). The detected photolytic products 3.1. Photolysis
were identified by using the NIST library.

The solid was analyzed by Raman, electron paramagnetic The ArF laser irradiation of the ferrocene solutions in hex-
resonance (EPR) and X-ray photoelectron (XP) spectroscopyane in the quartz cell results in the formation of tiny bubbles
and by electron microscopy and examined for their magnetic that are observed to arise from the irradiated spot behind the
properties. front cell wall. This indicates formation of gaseous products

The X-ray Fe 2p, C 1s and O 1s photoelectron spectra expelled from the solution and is in keeping of the photolysis
of the powders (as prepared and after mild sputtering with proceeding just behind the quartz—liquid interface. (We note
argonionsg=5keV,I =40p.A, 5 min) were measured using that the formation of bubbles is not observed with the laser
a VG ESCA3 MKl electron spectrometer with abase pressure irradiation of hexane itself). Gradual changes in the UV spec-
better than 10 Pa and using Al & radiation (1486.6 eV) for tral pattern of the irradiated solutiofig. 1) within the first
electron excitation. The surface composition of the deposited several minutes irradiation are compatible with the formation
film was determined by correcting the spectral intensities for of photolytic products having absorptiona230 nm. Sim-
subshell photoionization cross-sectigiik ilar absorption pattern—an intense band-@&30 nm tailing

The Raman spectra were recorded on a Renishaw micro-to 290 nm was also observed with longer irradiation times.
scope (Ramascope, model 1000). Exciting beam of an Ar-ion  The prolonged ArF laser irradiation of the ferrocene so-
laser was defocused to diminish the heating of the samples. lutions in hexane in the quartz tube allows a slow formation

The EPR spectra were acquired on a cw X-band spec-of dark yellow particles that remain suspended in the stirred
trometer (100 kHz magnetic field modulation and 1 mW of solution. After the irradiation and stirring is ceased, the parti-
microwave power) at room temperature in air using internal cles slowly descend to the tube bottom. Thus, ca. 2-3 mg ofa
(Mn?*) and external (TEMPOL) standards. dark powder can be obtained with irradiation times as long as

TEM analysis was conducted on a JEOL (JEM-2010 F) at 150 min and this corresponds to photochemical yield lower
200 kV and at a Philips 201 transmission electron microscopethan 10°2 provided that the iron content in the dark particles
at 80kV. Process diffractiofB] was used to evaluate and is ca. 66 wt.% (see later). The very low photochemical effi-
compare measured electron diffraction patterns with XRD ciency of ferrocene decomposition is compatible with a sol-
diffraction databasg9]. vent effect. The used irradiation intensities are in the range of

Magnetization studies on the powder sample were per- those inducingfl(c)] the gas-phase photolysis via two-photon
formed in the temperature range 5-300K using a SQUID absorption, which was assumed to occur via sequential elim-
magnetometer (MPM-5S, Quantum Design). The measure-ination of the cyclopentadienyl radicals. We surmise that the
ments were made either in zero-field cooling (ZFC) or field- second photon absorption is made less feasible through an

Absorbance

cooling (FC) conditions. energy transfer to solvent molecules and that the photolysis
Elemental analysis of the powder has been performed ontakes place as a one photon-induced pro¢besg]. (Cleav-
a Perkin-Elmer 2400 analyzer. age of both Fe-ligand bonds requires 593 kJ mblé(c),11]

and the energy of the 193 nm photons is 620 kJ mble
Although assumed as a plausible transient species in the
3. Results and discussion gas-phase flash photolysis of ferroc§2le the cyclopentadi-
enylradical[12] has never been detected in the laser photoly-
Ferrocene shows a strong absorption at the region of theses of ferrocene in the gas and liquid phase. Our search on the
ArF laser emission at 193 nm corresponding to the ligand-to- final photolytic hydrocarbon products was therefore aimed at
metal charge transfer transiti¢h0]. understanding the fate of the presumegHgtransient.
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Table 1 R
Gaseous products of ArF laser photol{sis

Irradiation of Gaseous products( relative mole %)

CHa CoHe CoHy CsHsg CoH2

Ferrocene (s) 0.22 - 0.12 - 1.00

Hexane (1) 0.80 0.33 1.20 0.05 1.00

Ferrocene solution  0.87 0.33 2.50 0.11 1.00
in hexane

a Fluence 60 mJ ci?.

The gaseous products escaping from the solution were
identified as methane, ethylene and acetylene (the main prod-
uct) along with ethane and propane (minor products). Inde-
pendent irradiation of solid ferrocene and hexane revealed
that the former yields mostly acetylene and the latter yields
methane, ethane, ethylene, and acetylene as main gaseous Fig. 2. TEM image of the powder.
products Table J). These observations allow to conclude that
the hydrocarbons observed at the laser photolysis of the so-internal degrees of freedom of thelds fragment and that
lution of ferrocene are produced both from ferrocene and the the solvent does not provide efficient cooling of the heitlg
solvent. species. This feature is favorable to fragments decomposition

The chemical changes monitored in the solutions ir- and polymerization.
radiated in the quartz tube after 20 and 120min by
GCIMS revealed the presence of traces of 3-pent-1-yne,3.2. Properties of deposited particles
1,3-butadiene, benzene, toluene, xylenes, ethylbenzene, 1-
methyd-1H-indenen/z, intensity in (%): 130, 88; 129, 100; The particles have a dark yellow colour when suspended
128, 31; 127, 18; 115, 79; 77, 14; 64, 17; 65, 23; 51, 36; in solution and form a dark (black) powder when they are
39, 38), 3a,4,7,7a-tetrahydro-4,7-methano-1H-indene (dicy- collected together after solvent removal. The TEM exam-
clopentadiene)nyz, intensity: 132, 11; 66, 100; 65, 13; 39, ination of the powder revealedrig. 2) that the powder is
14) and methylferrocenar(z, intensity: 201, 18; 200, 100; composed of ca. 10 nm-sized or larger particles agglomer-

134,54, 121, 29; 56, 56). ated into more voluminous bodies. Their elemental analysis
The presence of these compounds gives indirect evidencereveals 31.2 wt.% of carbon and 3.2 wt.% of hydrogen, which
onthe transient occurrence of gbind GHs radicals. We as-  implies a high content of Fe (see later).

sume that the latter mostly (i) decomposes to acetylene, some Their surface stoichiometry calculated from the XP
highly unsaturated species and carbon (see later) and (ii) ab-spectra intensities assuming the homogeneous sample is
stracts H to yield cyclopentadiene which undergd&$both Fe1.0C31.0012.0(sample as received) andi¢€, 70p.9 (Sam-
photo-cyclodimerization to the observed dicyclopentadiene ple sputtered by Ar ions). The Fe 2p spectrum of the pow-
and (Diels—Alder) polymerization reactiofis4]. Although der (ig. 3a) before ion sputtering shows the presence of
we could not detect cyclopentadiene by GC/MS, its tempo- most likely FgO,4 iron oxide [18,19] with binding energy
rary formation in the solution is manifested through its ab- of Fe 2p» electrons located at 710.1eV and a shoulder
sorption at 237 nnfil5] (Fig. 1). at 707.0£ 0.1 eV which could be assigned to metallic Fe
The absence of 9,10-dihydrofulvene (the product of re- [18,19] After ion sputtering the spectrum of Fez2pelec-
combination of cyclopentadienyl radical) and/or its isomers trons is dominated by the peak belonging to elemental iron
[16] but not of dicyclopentadiene (i.e. cyclopentadiene) is in (binding energy 707.0 eV). The measured values of binding
keeping with the presumed sequential cleavage of §14sC  energies as well as the observed spectral changes on sput-
radical (one photon mechanisfh(c)]) and preferential H  tering are consistent with elemental Fe core of nanoparticles
abstraction by this species. We admit, however, that 9,10- covered with Fe-oxide and electrically poorly conducting hy-
dihydrofulvene can disappear due to polymerization reac- drocarbon polymer shell.
tions. The spectrum of C 1s electrorBig. 3b) shows the pres-
Acetylene, methane, butadiene and the aromatic com-ence of three components. The main component located at
pounds are the knowfl7] products of thermal decompo- 284.8 eV amounts to about 76% of the total carbon concen-
sition of cyclopentadiene and they can originate not only tration for as received sample and 82% for sputtered sample
from the GHs radical but also from cyclopentadiene (formed and belongs to a hydrocarbon polymer (with possible admix-
from CsHs radical by H-abstraction). Their formation to- ture of elemental carbon). Let us mention that the spectrum
gether with that of carbon (see later) indicates that the energyof the Auger C KLL electrons indicates the presence of pre-
liberated in the @Hs—Fe bond cleavage is transferred into the dominatly sg hybridized carbon. The minor components of
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Fig. 3. Spectra of Fe 2p (a), C 1s (b) and O 1s (c) photoelectrons of the powder before (1) and after (2) ion sputtering (the spectra are normalized to the sa
height).

the C 1s spectra centered at 286.7 eV (approximately 13% ofnetic dipoles and considering the symmetry of EPR line with
the total C 1s intensity) and 288.9 eV could be assigned to superparamagnetism as prevailing mecharjzzh
C—-OH, G-0O-C and O-C=0 species|19] respectively. The black powder ultrasonically treated in hexane allows
The spectra of O 1s electronBig. 3) contain the com-  formation of a yellow solution whose UV absorption spec-
ponent at 530.0 eV, which comes from iron ox[d&] (30% trum gradually depletes as the suspended yellow particles
of the total O 1s signal intensity for as received sample slowly descend to the cell bottom. The spectrufig( 5
and 62% for sputtered sample) and the components fromshows the highest absorptiona210 nm which continuously
oxygen—carbon functionalities. tails to 700 nm in a way that absorption at 400 nm is reduced
The Raman spectra little alter for different examined re- by 50%. We assume that this absorption pattern is mostly
gions and show the bands at 219, 280, 398 and 49G¢cm due to the carbonaceous shell consisting of nano-sized car-
assignablg20] to a-Fe,O3 together with bands at 676—684, bon particles, since it resembles the absorption profile of car-
1335-1380 (D band) and 1585 ch(G band) which are due  bon nanoclusters of different clustering range and sf2gje

to disordered carboj21]. We admit, however, that the spectrum can be contributed by
The electron diffraction pattern of the powddtid. 4) a surface plasmon band related to the nano-sized Fe-based

shows a good fit to interlayer distances of crystalline mag- core[24].

netite (FgO4) and maghemiteo-Fe,0O3) and provides evi- The measurements of the hysteresis loops and virgin

dence on the presence of other forms of iron oxides. curves were performed in order to specify the magnetic prop-

The EPR spectra show an intense single line with g-factor erties at different temperatures. At=5K the large coer-
of 2.034 and linewidth of 83.8 mT. Both values indicate the civity (H.=515 Oe) indicated a ferromagnetic behaviour
presence of F¥ state. The calculated quantity ofironthrough occurring below the blocking temperature. The hysteresis
double integration of the EPR spectrum yields 2.80%* loop atT=5K was also measured under the two different
spins per gram, which is by more than an order of magni- conditions—after cooling in the field 25 ane25 kOe. The
tude higher than the theoretically admissible value. This is

compatible with the presence of interaction between mag-
(%)
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Fig. 4. Diffraction pattern of the powder as compared to that of magnetite Fig.5. UV absorption spectrum of the deposited particles in hexane recorded
and maghemite. immediately after ultrasonic treatment.
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result shown irFig. 6 shows an appreciable shift of the loop
in the direction, which is opposite to the cooling field. This

behaviour suggests the presence of a relatively large unidi-
rectional anisotropy, which can be attributed to an exchange

coupling between ferromagnetic and antiferromagnetic (or
ferrimagnetic) phasd25]. The ferromagnetic phase is rep-
resented by iron particles and the antiferromagnetic (or fer-
rimagnetic) component by iron oxides (see below).
Towards higher temperatures the hysteresis loops becom

narrower and the coercivity decreases. Inthe low-temperature
region this dependence can be approximated by the known

relation valid for a system of noninteracting partic[@$]
(Fig. 7), which yields an approximate value ©f ~ 55.7 K.
This blocking temperature is usually identified with a tem-
peraturelyy,, at which the ZFC susceptibility exhibits a max-

imum. We measured these dependences and found the valu

of Try strongly depending on the applied static magnetic field,
Tm~ 115 and 44 K foH =10 and 1500 Oe, respectively.

For T> 120K, where the magnetization shows practi-
cally no hysteresis we measured the ZFC virgin magneti-
zation curves up to 50 kOe. Ti(H) dependences plotted
againsH/T result approximately in a universal cundg. 8).
This shows that foill >120 K the magnetic moment is pre-
dominantly given by a superparamagnetic contribution. A

small not superparamagnetic rest of the magnetic moment

(atT=300K, we estimate < 0.5 wt.%) arises from randomly
formed largest iron particles (e.g. 10 nm). TkéH/T) de-

pendence of a superparamagnetic system is described by the

standard Langevin functiob(wH/KT) with w denoting the

magnetic moment of the superparamagnetic particle. For a

spherical particle with diametd® we havew = (7/6)D3Ms,

T=5K
2_
&) o
30 o
£ g
KA o
E P o©
o OoJe
21 8~ o® O—cooled in 25kOe
° @®cooled in - 25kOe
2 0 2
H(kOe)

Fig. 7. Central part of the hysteresis loops measur@d-& K after cooling
from T=300K in the fields 25 and-25 kOe.
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Fig. 8. Measured magnetizationTat 125 and 300 K as a function bfi T, a
theoretical fit using the Langevin function and log-normal distribuf{@)

(Do =0.326 nmx =0.7; A determines the width of the distribution abg is

a diameter corresponding approximately to a maximum of this distribution
function[26]).

whereMgs is the bulk saturation magnetization. TREH/T)
curves could not be fitted for a given diameibut only
taking a superposition over a relatively wide range of the
diameterdD. Using the standard log-normal distribution of
the diameter$26], a reasonable fit can be achieved for the
average magnetic momefw) ~21.8ug and the standard
deviationAw ~196.4up (in Fig. 8 by the dotted line).This
moment roughly corresponds to 10 iron atoms (contribution
2.2up per atom), so that we can speak rather about iron clus-
ters. The large standard deviation suggests that an apprecia-
ble contribution to the magnetic moment arises from the Fe
gn% 1 to 100) nanoclusters.

As can be seen, the diameter of the particle (or cluster)
depends on the bulk saturation magnetizaftiby If we set
Ms = 1228 emu/cri for amorphous iron we get that the av-
erage moment 21f corresponds to the diameter 0.68 nm.
This result must be however corrected, since the valisof
is probably reduced due to an oxidic shell at the surface of the
iron particle. The presence of the oxides was also unambigu-
ously proved by a shift of the hysteresis loop. For example
for the value oM reduced by a factor 8 we obtain two times
larger particle diameter, i.e. 1.36 ni ¢ Ms~2/3). Let us re-
mark that this diameter corresponds to the iron core. In the
real situation, the particle observed optically in a polymer
matrix includes also an oxidic shell having in many cases the
diameter several times larger than that of the iron ¢27é

In addition to the particle or cluster moment the fitting pro-
cedure enables us to determine the saturation magnetization
corresponding to the superparamagnetic phase. This yields
Ms =2 5.6 emu/g which is near the value of 5.25 as determined
by extrapolating théVl versus 1H dependence at=125K.
The quantityMs is practically independent of temperature.
Comparing this value with the bulk saturation magnetization
of amorphous iron 158 emu/g, we obtain an effective iron
content in the compound equal to 3.5wt.%, which is much
smaller than that estimated on the basis of the chemical anal-
ysis. The reason for this disagreement can be attributed to the
presence of iron oxides (ferrimagneticg®g andy-FeO3
and especially antiferromagnetieFe,03) that surround ul-
trafine iron nanoclusters.
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4. Conclusion [6] (a) L.A. Harris, J.D. Goff, A.Y. Carmichael, J.S. Riffle, J.J. Harburn,
T.G.St. Pierre, M. Saunders, Chem. Mater. 15 (2003) 1367, and

The ArF laser photolysis of ferrocene in non-polar sol- references therein ;
(b) D.K. Kim, M. Mikhaylova, Y. Zhang, M. Muhammed, Chem.

yent (hexane) is a slow groce§s with a very low photoc_:hem- Mater. 15 (2003) 1617.
ical quantum yield (<10°), which results in the formation [7] J.H. Scofield, J. Electron Spectrosc. Relat. Phenom. 8 (1976) 129.
of several hydrocarbons and solid hano-sized particles. It is [8] J.L. Labar, Proceedings of EUREM 12, in: L. Frank, F. Ciampor
negligibly contributed by the photolytic decomposition of the (Eds.), Czechoslovak Society for Electron Microscopy, Brno, 2000,
solvent. p. 1379. _ o
. i . [9] JCPDS PDF-2 database, International Centre for Diffraction Data,
The !dent|f|ed hydrocarbons are muItlpIy un§atqrated and Newtown Square, PA, U.SA., release 52, 2002.
aromatic hydrocarbons whose structural identification proves|1qj (a) s. Sohn, D.N. Hendrickson, H.B. Gray, J. Am. Chem. Soc. 93
the occurrence of cleavage and polymerization reactions of ~ (1971) 3603;
intermediate cyclopentadienyl radical and cyclopentadiene. (b) AT. Armstrong, F. Smith, E. Elder, S.P. McGlynn, J. Chem.
The deposited particles consist of an iron core and ox- ___ Fhys: 46 (1967) 4321.
- . . . [11] J.A. Connor, Top. Curr. Chem. 71 (1977) 71.
idized topmost layers, which are composed of iron oxides 151\ Heaven, L. Dimauro, T.A. Miller, Chem. Phys. Lett. 95 (1983)
(vy-F&0s3, a-Fe03, Fes04). They are covered with a car- 347.
bonaceous shell that is composed of both elemental carbor13] (a) N.J. Turro, G.S. Hammond, J. Am. Chem. Soc. 84 (1962) 2841;

and a polymer that lends the particles their characteristic UV~ (b) R. Srinivasan, Adv. Photochem. 4 (1966) 128;
(c) J. Miyazaki, Y. Yamada, J. Mol. Struct. 692 (2004) 145, and

spectrum. . . . . N references therein.

The particles Possess interesting magnetic behaviour: they[14] Encyclopedia of Polymer Science and Technology, in: H.F., Mark,
are ferromagnetic at low temperaturés=(5 K) and become N.G., Gaylord, N.M., Bikales (Eds.), Wiley, New York, vol. 4, p.
superparamagnetic at higher temperature 120K). The 563.

detailed analysis of their magnetization behaviour allows to [15] (a) A. Sabljt, R. McDiarmid, J. Chem. Phys. 93 (1990) 3850;

characterize these particles in terms of nanoclusters. gg (EléE?'l‘;aglEme'e”' J.I. Brauman, L.E. Ellis, J. Am. Chem. Soc.

[16] E. Hedaya, D.W. Mc Neil, P. Schissel, D.J. Mc Adoo, J. Am. Chem.
Soc. 90 (1968) 5284.
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