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Abstract

ArF laser photolysis of ferrocene in hexane yields hydrocarbons produced from both intermediate cyclopentadienyl radical and the solvent,
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nd it affords chemical solution-phase deposition of Fe-based particles which consist of a Fe core and oxidized outer layers. These
overed with a carbonaceous polymer, they have a characteristic UV spectrum and show both a ferromagnetic (T= 5 K) and superparamagne
T> 120 K) behaviour.
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. Introduction

UV laser-induced multiphoton dissociation of ferrocene
n the gas phase is known[1(a)–(d)]to yield iron atoms and
resumably[2] cyclopentadienyl radical. The feasible gas-
hase production of high density of Fe atoms by ArF laser
hotolysis of ferrrocene has been recently used for the depo-
ition or Fe and Fe/C nanoparticles[3], the latter obviously
riginating from the cyclopentadienyl radical decomposition.

This facile gas-phase photochemical decomposition con-
radicts with ferrocene photochemical stability[4] in non-
hlorinated solvents under conditions of conventional low-
ntensity UV radiation, which suggested the use of ferrocene
nd its derivatives as protective ultraviolet absorbers[5].

The liquid-phase UV photolysis of ferrocene at high laser
rradiation intensity has not been yet studied, despite that the
olvent could provide a cooling effect to the produced frag-
ents and the reaction is of interest in view of possible cy-

lopentadienyl radical-induced polymerisation, which might

∗ Corresponding author. Tel.: +420 2 20390308; fax: +420 2 20920661.

create suitable conditions for formation of iron nanoparti
incorporated in a polymer. These materials are finding re
interest[6].

In this paper, we show that the photolysis of ferrocen
non-polar solvent can be accomplished by using an int
ArF laser radiation and that it results in the formation o
nanoparticles that are covered with a carbonaceous p
We deduce on the fate of the photolytically produced
clopentadienyl radical in solution and show that the depo
particles possess characteristic UV–vis spectrum and
temperature-dependent magnetic behaviour.

2. Experimental part

Solutions of ferrocene (Aldrich, 98%), 1.3–11.6× 10−3

molar in hexane (Cica-Reagent for spectroscopy),
stirred by a magnetic bar in a 4 ml quartz cell or in a 50
quartz tube under Ar and irradiated with an ArF (Lam
Physik CPX 200) laser with a repetition frequency of 10
The irradiation time was several minutes (experiments in
E-mail address:pola@icpf.cas.cz (J. Pola). quartz cell) and 2–3 h (experiments in the quartz tube). The

010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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laser energy effective on the incident area was 100 mJ on
1 cm2 (the cell) and 300 mJ on 5 cm2 (the tube). The progress
of the 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.

The centrifuged solutions freed of the particles were anal-
ysed on a gas chromatograph (a Gasukuro Kogyo 370 chro-
matograph, a 2 m SUS Unipak S column, programmed tem-
perature 30–150◦C, flame-ionization detector) connected
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 30–200◦C). The detected photolytic products
were identified by using the NIST library.

The solid was analyzed by Raman, electron paramagnetic
resonance (EPR) and X-ray photoelectron (XP) spectroscopy
and by electron microscopy and examined for their magnetic
properties.

The X-ray Fe 2p, C 1s and O 1s photoelectron spectra
of the powders (as prepared and after mild sputtering with
argon ions;E= 5 keV,I = 40�A, 5 min) were measured using
a VG ESCA3 MkII electron spectrometer with a base pressure
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Fig. 1. ArF laser irradiation of 1.3× 10−3 M hexane solution of ferrocene
in the cell. (Fluence 100 mJ cm−2; the built up of the absorption curves
corresponds to the irradiation for 0–420 s with an increment of 70 s).

3.1. Photolysis

The ArF laser irradiation of the ferrocene solutions in hex-
ane in the quartz cell results in the formation of tiny bubbles
that are observed to arise from the irradiated spot behind the
front cell wall. This indicates formation of gaseous products
expelled from the solution and is in keeping of the photolysis
proceeding just behind the quartz–liquid interface. (We note
that the formation of bubbles is not observed with the laser
irradiation of hexane itself). Gradual changes in the UV spec-
tral pattern of the irradiated solution (Fig. 1) within the first
several minutes irradiation are compatible with the formation
of photolytic products having absorption at∼230 nm. Sim-
ilar absorption pattern—an intense band at∼230 nm tailing
to 290 nm was also observed with longer irradiation times.

The prolonged ArF laser irradiation of the ferrocene so-
lutions in hexane in the quartz tube allows a slow formation
of dark yellow particles that remain suspended in the stirred
solution. After the irradiation and stirring is ceased, the parti-
cles slowly descend to the tube bottom. Thus, ca. 2–3 mg of a
dark powder can be obtained with irradiation times as long as
150 min and this corresponds to photochemical yield lower
than 10−3 provided that the iron content in the dark particles
is ca. 66 wt.% (see later). The very low photochemical effi-
ciency of ferrocene decomposition is compatible with a sol-
vent effect. The used irradiation intensities are in the range of
t ton
a elim-
i t the
s gh an
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t
a
a

in the
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e toly-
s on the
fi d at
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etter than 10−7 Pa and using Al K� radiation (1486.6 eV) fo
lectron excitation. The surface composition of the depo
lm was determined by correcting the spectral intensitie
ubshell photoionization cross-sections[7].

The Raman spectra were recorded on a Renishaw m
cope (Ramascope, model 1000). Exciting beam of an A
aser was defocused to diminish the heating of the sam

The EPR spectra were acquired on a cw X-band s
rometer (100 kHz magnetic field modulation and 1 mW
icrowave power) at room temperature in air using inte

Mn2+) and external (TEMPOL) standards.
TEM analysis was conducted on a JEOL (JEM-2010

00 kV and at a Philips 201 transmission electron micros
t 80 kV. Process diffraction[8] was used to evaluate a
ompare measured electron diffraction patterns with X
iffraction database[9].

Magnetization studies on the powder sample were
ormed in the temperature range 5–300 K using a SQ
agnetometer (MPM-5S, Quantum Design). The mea
ents were made either in zero-field cooling (ZFC) or fi

ooling (FC) conditions.
Elemental analysis of the powder has been performe

Perkin-Elmer 2400 analyzer.

. Results and discussion

Ferrocene shows a strong absorption at the region o
rF laser emission at 193 nm corresponding to the ligan
etal charge transfer transition[10].
hose inducing[1(c)] the gas-phase photolysis via two-pho
bsorption, which was assumed to occur via sequential

nation of the cyclopentadienyl radicals. We surmise tha
econd photon absorption is made less feasible throu
nergy transfer to solvent molecules and that the photo

akes place as a one photon-induced process[1(a)]. (Cleav-
ge of both Fe-ligand bonds requires 593 kJ mole−1 [1(c),11]
nd the energy of the 193 nm photons is 620 kJ mole−1).

Although assumed as a plausible transient species
as-phase flash photolysis of ferrocene[2], the cyclopentad
nyl radical[12] has never been detected in the laser pho
es of ferrocene in the gas and liquid phase. Our search
nal photolytic hydrocarbon products was therefore aime
nderstanding the fate of the presumed C5H5 transient.
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Table 1
Gaseous products of ArF laser photolysisa

Irradiation of Gaseous products( relative mole %)

CH4 C2H6 C2H4 C3H8 C2H2

Ferrocene (s) 0.22 – 0.12 – 1.00
Hexane (l) 0.80 0.33 1.20 0.05 1.00
Ferrocene solution

in hexane
0.87 0.33 2.50 0.11 1.00

a Fluence 60 mJ cm−2.

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
products (Table 1). These observations allow to conclude that
the hydrocarbons observed at the laser photolysis of the so-
lution of ferrocene are produced both from ferrocene and the
solvent.

The chemical changes monitored in the solutions ir-
radiated in the quartz tube after 20 and 120 min by
GC/MS revealed the presence of traces of 3-pent-1-yne,
1,3-butadiene, benzene, toluene, xylenes, ethylbenzene, 1-
methyd-1H-indene (m/z, intensity in (%): 130, 88; 129, 100;
128, 31; 127, 18; 115, 79; 77, 14; 64, 17; 65, 23; 51, 36;
39, 38), 3a,4,7,7a-tetrahydro-4,7-methano-1H-indene (dicy-
clopentadiene) (m/z, intensity: 132, 11; 66, 100; 65, 13; 39,
14) and methylferrocene (m/z, intensity: 201, 18; 200, 100;
134, 54; 121, 29; 56, 56).

The presence of these compounds gives indirect evidence
on the transient occurrence of CH3 and C5H5 radicals. We as-
sume that the latter mostly (i) decomposes to acetylene, some
highly unsaturated species and carbon (see later) and (ii) ab-
stracts H to yield cyclopentadiene which undergoes[13] both
photo-cyclodimerization to the observed dicyclopentadiene
a
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Fig. 2. TEM image of the powder.

internal degrees of freedom of the C5H5 fragment and that
the solvent does not provide efficient cooling of the hot C5H5
species. This feature is favorable to fragments decomposition
and polymerization.

3.2. Properties of deposited particles

The particles have a dark yellow colour when suspended
in solution and form a dark (black) powder when they are
collected together after solvent removal. The TEM exam-
ination of the powder revealed (Fig. 2) that the powder is
composed of ca. 10 nm-sized or larger particles agglomer-
ated into more voluminous bodies. Their elemental analysis
reveals 31.2 wt.% of carbon and 3.2 wt.% of hydrogen, which
implies a high content of Fe (see later).

Their surface stoichiometry calculated from the XP
spectra intensities assuming the homogeneous sample is
Fe1.0C31.0O12.0(sample as received) and Fe1.0C2.7O0.9 (sam-
ple sputtered by Ar ions). The Fe 2p spectrum of the pow-
der (Fig. 3a) before ion sputtering shows the presence of
most likely Fe3O4 iron oxide [18,19] with binding energy
of Fe 2p3/2 electrons located at 710.1 eV and a shoulder
at 707.0± 0.1 eV which could be assigned to metallic Fe
[18,19]. After ion sputtering the spectrum of Fe 2p3/2 elec-
trons is dominated by the peak belonging to elemental iron
( ding
e sput-
t ticles
c hy-
d

-
e ed at
2 cen-
t mple
a mix-
t trum
o pre-
d of
nd (Diels–Alder) polymerization reactions[14]. Although
e could not detect cyclopentadiene by GC/MS, its tem

ary formation in the solution is manifested through its
orption at 237 nm[15] (Fig. 1).

The absence of 9,10-dihydrofulvene (the product o
ombination of cyclopentadienyl radical) and/or its isom
16] but not of dicyclopentadiene (i.e. cyclopentadiene)
eeping with the presumed sequential cleavage of the C5H5
adical (one photon mechanism[1(c)]) and preferential H
bstraction by this species. We admit, however, that 9
ihydrofulvene can disappear due to polymerization r

ions.
Acetylene, methane, butadiene and the aromatic

ounds are the known[17] products of thermal decomp
ition of cyclopentadiene and they can originate not
rom the C5H5 radical but also from cyclopentadiene (form
rom C5H5 radical by H-abstraction). Their formation
ether with that of carbon (see later) indicates that the en

iberated in the C5H5–Fe bond cleavage is transferred into
binding energy 707.0 eV). The measured values of bin
nergies as well as the observed spectral changes on

ering are consistent with elemental Fe core of nanopar
overed with Fe-oxide and electrically poorly conducting
rocarbon polymer shell.

The spectrum of C 1s electrons (Fig. 3b) shows the pres
nce of three components. The main component locat
84.8 eV amounts to about 76% of the total carbon con

ration for as received sample and 82% for sputtered sa
nd belongs to a hydrocarbon polymer (with possible ad

ure of elemental carbon). Let us mention that the spec
f the Auger C KLL electrons indicates the presence of
ominatly sp3 hybridized carbon. The minor components



254 A. Ouchi et al. / Journal of Photochemistry and Photobiology A: Chemistry 171 (2005) 251–256

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 same
height).

the C 1s spectra centered at 286.7 eV (approximately 13% of
the total C 1s intensity) and 288.9 eV could be assigned to
C OH, C O C and O C O species,[19] respectively.

The spectra of O 1s electrons (Fig. 3c) contain the com-
ponent at 530.0 eV, which comes from iron oxide[18] (30%
of the total O 1s signal intensity for as received sample
and 62% for sputtered sample) and the components from
oxygen–carbon functionalities.

The Raman spectra little alter for different examined re-
gions and show the bands at 219, 280, 398 and 490 cm−1

assignable[20] to �-Fe2O3 together with bands at 676–684,
1335–1380 (D band) and 1585 cm−1 (G band) which are due
to disordered carbon[21].

The electron diffraction pattern of the powder (Fig. 4)
shows a good fit to interlayer distances of crystalline mag-
netite (Fe3O4) and maghemite (�-Fe2O3) and provides evi-
dence on the presence of other forms of iron oxides.

The EPR spectra show an intense single line with g-factor
of 2.034 and linewidth of 83.8 mT. Both values indicate the
presence of Fe3+ state. The calculated quantity of iron through
double integration of the EPR spectrum yields 2.3× 1024

spins per gram, which is by more than an order of magni-
tude higher than the theoretically admissible value. This is
compatible with the presence of interaction between mag-

F etite
a

netic dipoles and considering the symmetry of EPR line with
superparamagnetism as prevailing mechanism[22].

The black powder ultrasonically treated in hexane allows
formation of a yellow solution whose UV absorption spec-
trum gradually depletes as the suspended yellow particles
slowly descend to the cell bottom. The spectrum (Fig. 5)
shows the highest absorption at∼210 nm which continuously
tails to 700 nm in a way that absorption at 400 nm is reduced
by 50%. We assume that this absorption pattern is mostly
due to the carbonaceous shell consisting of nano-sized car-
bon particles, since it resembles the absorption profile of car-
bon nanoclusters of different clustering range and shape[23].
We admit, however, that the spectrum can be contributed by
a surface plasmon band related to the nano-sized Fe-based
core[24].

The measurements of the hysteresis loops and virgin
curves were performed in order to specify the magnetic prop-
erties at different temperatures. AtT= 5 K the large coer-
civity (Hc = 515 Oe) indicated a ferromagnetic behaviour
occurring below the blocking temperature. The hysteresis
loop atT= 5 K was also measured under the two different
conditions—after cooling in the field 25 and−25 kOe. The

F orded
i

ig. 4. Diffraction pattern of the powder as compared to that of magn
nd maghemite.
ig. 5. UV absorption spectrum of the deposited particles in hexane rec
mmediately after ultrasonic treatment.
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Fig. 6. Temperature dependence of the coercivityHc and the fit using aT1/2

dependence.

result shown inFig. 6shows 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) phases[25]. 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 become
narrower and the coercivity decreases. In the low-temperature
region this dependence can be approximated by the known
relation valid for a system of noninteracting particles[25]
(Fig. 7), which yields an approximate value ofTB ≈ 55.7 K.
This blocking temperature is usually identified with a tem-
peratureTm, at which the ZFC susceptibility exhibits a max-
imum. We measured these dependences and found the value
ofTm strongly depending on the applied static magnetic field,
Tm ≈ 115 and 44 K forH= 10 and 1500 Oe, respectively.

For T> 120 K, where the magnetization shows practi-
cally no hysteresis we measured the ZFC virgin magneti-
zation curves up to 50 kOe. TheM(H) dependences plotted
againstH/T result approximately in a universal curve (Fig. 8).
This shows that forT> 120 K the magnetic moment is pre-
dominantly given by a superparamagnetic contribution. A
small not superparamagnetic rest of the magnetic moment
(atT= 300 K, we estimate < 0.5 wt.%) arises from randomly
f
p by the
s
m or a
s

F
f

Fig. 8. Measured magnetization atT= 125 and 300 K as a function ofH/T, a
theoretical fit using the Langevin function and log-normal distributionf(D)
(D0 = 0.326 nm,λ = 0.7;λ determines the width of the distribution andD0 is
a diameter corresponding approximately to a maximum of this distribution
function[26]).

whereMs is the bulk saturation magnetization. TheM(H/T)
curves could not be fitted for a given diameterD but only
taking a superposition over a relatively wide range of the
diametersD. Using the standard log-normal distribution of
the diameters[26], a reasonable fit can be achieved for the
average magnetic moment〈w〉 ≈ 21.8µB and the standard
deviation�w ≈ 196.4µB (in Fig. 8 by the dotted line).This
moment roughly corresponds to 10 iron atoms (contribution
2.2µB 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 Fen

(n≈ 1 to 100) nanoclusters.
As can be seen, the diameter of the particle (or cluster)

depends on the bulk saturation magnetizationMs. If we set
Ms = 1228 emu/cm3 for amorphous iron we get that the av-
erage moment 21.7µB corresponds to the diameter 0.68 nm.
This result must be however corrected, since the value ofMs
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 ofMs reduced by a factor 8 we obtain two times
larger particle diameter, i.e. 1.36 nm (D∼Ms

−1/3). 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 core[27].

ro-
c zation
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C tion
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c uch
s anal-
y to the
p
a -
t

ormed largest iron particles (e.g. 10 nm). TheM(H/T) de-
endence of a superparamagnetic system is described
tandard Langevin functionL(wH/kT) with w denoting the
agnetic moment of the superparamagnetic particle. F

pherical particle with diameterD we havew = (π/6)D3Ms,

ig. 7. Central part of the hysteresis loops measured atT= 5 K after cooling
rom T= 300 K in the fields 25 and−25 kOe.
In addition to the particle or cluster moment the fitting p
edure enables us to determine the saturation magneti
orresponding to the superparamagnetic phase. This
s≈ 5.6 emu/g which is near the value of 5.25 as determ
y extrapolating theM versus 1/H dependence atT= 125 K.
he quantityMs is practically independent of temperatu
omparing this value with the bulk saturation magnetiza
f amorphous iron 158 emu/g, we obtain an effective
ontent in the compound equal to 3.5 wt.%, which is m
maller than that estimated on the basis of the chemical
sis. The reason for this disagreement can be attributed
resence of iron oxides (ferrimagnetic Fe3O4 and�-Fe2O3
nd especially antiferromagnetic�-Fe2O3) that surround ul

rafine iron nanoclusters.
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4. Conclusion

The ArF laser photolysis of ferrocene in non-polar sol-
vent (hexane) is a slow process with a very low photochem-
ical quantum yield (<10−3), which results in the formation
of several hydrocarbons and solid nano-sized particles. It is
negligibly contributed by the photolytic decomposition of the
solvent.

The identified hydrocarbons are multiply unsaturated and
aromatic hydrocarbons whose structural identification proves
the occurrence of cleavage and polymerization reactions of
intermediate cyclopentadienyl radical and cyclopentadiene.

The deposited particles consist of an iron core and ox-
idized topmost layers, which are composed of iron oxides
(�-Fe2O3, �-Fe2O3, Fe3O4). They are covered with a car-
bonaceous shell that is composed of both elemental carbon
and a polymer that lends the particles their characteristic UV
spectrum.

The particles possess interesting magnetic behaviour: they
are ferromagnetic at low temperatures (T= 5 K) and become
superparamagnetic at higher temperature (T> 120 K). The
detailed analysis of their magnetization behaviour allows to
characterize these particles in terms of nanoclusters.
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