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Abstract

Photoionization and photodissociation of ferrocene [Fe(C5H5)2] is examined by using vacuum ultraviolet (VUV) photons
from a synchrotron radiation source and a time-of-flight (TOF) photoionization mass spectrometer. VUV absorption by
ferrocene results in Fe(C5H5)2

z1, FeC5H5
1, FeC3H3

1, Fez1 and C10Hx
z1 ( x 5 8 2 10). The dependency of the product

distribution on photon energy indicates sequential elimination of C5H5z ligands as a major dissociation channel, but concerted
elimination of two C5H5z ligands also takes place to a lesser degree. Through analysis of TOF peak shape, it is found that
Fe(C5H5)2

z1 molecular ion dissociates into FeC5H5
1 and C5H5z via two channels. One is nonstatistical dissociation with a fast

rate, and the other is slow unimolecular decay that becomes more discernible at low photon energy. The rate of unimolecular
decay, exemplified by a value ofk 5 2.4 6 1.0 3 106 s21 at photon energy of 14.76 eV, is well in accord with the RRKM
rate. (Int J Mass Spectrom 181 (1998) 59–66) © 1998 Elsevier Science B.V.
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1. Introduction

Along with the increasing availability of modern
synchrotron radiation facilities and the development
of vacuum ultraviolet (VUV) laser technology, the
number of studies of VUV spectroscopy and photo-
chemistry has grown remarkably in the recent years
[1,2]. An interesting branch of VUV photochemistry
is photoionization and photodissociation of large
polyatomic molecules. Upon VUV absorption, poly-
atomic molecules often give rise to rich, if not too

complex, fragmentation patterns that are closely re-
lated to the chemical nature of the molecules. Various
experimental techniques have been employed to in-
vestigate ionization and dissociation processes of
polyatomic molecules in the VUV regime [1–3].

Ferrocene [bis(cyclopentadienyl)iron(II); Fe(C5H5)2
or FeCp2, where Cpz represents a cyclopentadienyl
radical] is an organometallic sandwich compound,
and its molecular structure has been reported in detail
[4,5]. Ferrocene has a high density of electronic states
of various multiplicities [6,7] and a large number of
vibrational modes [8–10]. In this regard, it might be
considered that ferrocene in the gas phase would
undergo dissociation via statistical channels, and it* Corresponding author.
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does so under many circumstances [11–13]. However,
experimental observations have also been made that
show inconsistency with the statistical dissociation
[11,12]. Such reports are interesting because non-
statistical photodissociation is very rare among large
organic polyatomic ions [14]. Ionization and dissoci-
ation of ferrocene has been investigated by using
various excitation methods, including UV multipho-
ton absorption [11–13,15–18], VUV absorption [19]
and electron impact [17,18,20]. UV multiphotons
dissociate ferrocene molecules predominantly to
metal atoms, followed by photoionization of the metal
atoms [11,15]. Time-of-flight (TOF) photoelectron
spectra of ferrocene were examined [16], probing
wavelength-dependency of the Fez1 production by
multiphoton ionization and dissociation (MPI/MPD).
Later, the competition between the ligand dissociation
reaction and the molecular ionization was reported
[17,18] from a wavelength-dependent MPI/MPD
study. Photoionization study with VUV light [19]
provided the appearance potentials for molecular and
fragmented ions of ferrocene. Dissociation of FeCp2

z1

ion has also been investigated by time-resolved pho-
todissociation study [13] and by hyperthermal ion
beam collision with a solid surface, or surface-in-
duced dissociation (SID) [21,22]. In VUV regime, the
photoionization and fragmentation mechanism of fer-
rocene is still not clearly established. In this work, we

explore VUV-induced reactions of ferrocene by using
synchrotron radiation in conjunction with a TOF
photoionization mass spectrometer based on a coinci-
dent electron and ion detection method.

2. Experimental

The experiment was performed at the 2B2 syn-
chrotron beamline of Pohang Light Source (PLS). The
beamline provides monochromatized photon beams in
the range of 5–35 eV by using a 3 mnormal incidence
monochromator. The schematic diagram of the TOF
photoionization mass spectrometer is shown in Fig. 1.
The mass spectrometer consists of an ionization
region (region I), a space focusing and acceleration
region (region II), and a field-free drift region (region
III). The photoelectrons and the photoions simulta-
neously produced in region I were accelerated in the
opposite directions and detected by microchannel
plates (MCPs). MCPs of a large diameter (40 mm)
were used in order to reduce the discrimination effect
of a detector against the energetic ions that were
ejected perpendicular to the direction of an ion ex-
traction field. The coincident electron and ion signals
were fed into “start” and “stop” inputs of a time-to-
amplitude convertor (TAC), respectively. TAC pro-
duced an analog pulse with its height proportional to

Fig. 1. Schematic diagram of the instrumental configuration for VUV photoionization/photodissociation experiment using TOF detection.
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the ion flight time, or equivalently, to the square root
of the ion mass. The ion mass spectrum was obtained
by analyzing the pulse heights with a multichannel
analyzer. The kinetic energy of the photoelectrons
was not analyzed.

The ferrocene vapor was introduced into the ion-
ization region through a short, direct inlet tube made
of stainless steel. The holder of ferrocene powder
samples and the inlet tube were heated to a controlled
temperature so that the ferrocene vapor pressure in the
ionization region reached 53 1026 Torr. Under this
condition, the pressure in the drift region was main-
tained at 13 1028 Torr.

3. Results and discussion

3.1. The products of VUV photoionization and
photodissociation

Upon VUV irradiation, FeCp2 molecules undergo
ionization and dissociation reactions. These processes
occur by absorption of single photon under the given
condition of photon beam flux. The reaction patterns
are exemplified by the TOF mass spectra of Fig. 2,
showing the product ion intensities at three different
incident photon energies (14.76, 16.53 and 22.55 eV).
The major product ions are identified as ferrocene
molecular ion (FeCp2

z1, m/z 5 186 u) and the
dissociation products resulting from Cpz ligand elim-
ination (FeCp1 and Fez1 at m/z 5 121 and 56 u,
respectively). At high photon energy, FeC3H3

1 (m/
z 5 95 u) and C10H10

z1 ions (m/z 5 130 u) are also
produced in small but meaningful populations. The
peak labeled as C10H10

z1 may also contain C10H8
z1

(m/z 5 128 u) because mass resolution of the TOF
instrument is about 2 u.

The branching ratio into the various product ions is
examined as a function of incident photon energy, and
the result is shown in Fig. 3 for the photon energy
range of 14–33 eV. It is clear that the degree of
molecular fragmentation increases with increasing
photon energy. Nonetheless, the molecular ion is the
mostly dominant product even at high photon energy.
In the low energy region, the threshold energy for

FeCp1 production is observed at 14 eV. The yield for
Fez1 production is almost zero at this energy, but
increases substantially from about 18 eV. The differ-
ence of 4 eV between the threshold energies for
FeCp1 and Fe1 is approximately equal to the second
Cp dissociation energy (Table 1), an indication that
Fez1 formation occurs via consecutive dissociation
processes of two ligands [reaction (1)]

Fe(C5H5)2 1 hn3 [Fe(C5H5)
1]* 1C5H5z

1 e23 Fez1 1 2C5H5z 1 e2 (1)

The threshold energies may contain a substantial
kinetic shift because of fast ion extraction (#1 ms) in
the present experiment, but its contribution can
largely be canceled out by taking the difference
between the two threshold energies. The threshold
energy measurement has also been reported by Ba¨r et al.

Fig. 2. TOF mass spectra of the positive ions generated by
photoionization and photodissociation of ferrocene. The employed
photon energies are 14.76 eV (a), 16.53 eV (b) and 22.55 eV (c).
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[19] for the production of FeCp2
z1, FeCp1, and Fez1

ions from FeCp2. Their work showed a small intensity
of Fez1 ion even below photon energy of 18 eV,
persisting down to 13.5 eV. Such Fe1 production at
the low energy cannot be discerned from a noise level

in Fig. 3 because of low detection sensitivity of our
instrument. This low energy channel was attributed
[19] to concerted elimination of two Cp ligands
[reaction (2a)].

Fe(C5H5)2 1 hn3 @Fe(C5H5)2
z1]* 1 e2

3 Fez11 C10H10 1 e2 (2a)

3 Fe1 C10H10
z1 1 e2 (2b)

It may be possible that the concerted transition state
for reaction (2a) branches also into C10H10

z1 produc-
tion [reaction (2b)] because the ionization energies of
Fe and C10H10 are not much different (Table 1).
Further dissociation of C10H10

z1 can produce C10H8
z1

by H2 elimination [22]. C10Hx
z1 (x 5 8 2 10) ions are

indeed observed in small intensity (Fig. 2), providing
evidence for occurrence of the concerted reactions.

The present result by VUV single photon absorp-
tion can be compared with the FeCp2 activation

Fig. 3. The yield of various product ions as a function of incident photon energy for the range of 14–33 eV.

Table 1
Literature thermochemical data related to Fe(C5H5)2 ionization
and dissociation

Reaction Energy (eV)

Fe(C5H5)23 Fe(C5H5)2
z1 1 e2 6.75a, 6.99b

Fe(C5H5)23 Fe(C5H5)
1 1 C5H5 z 1 e2 13.16a, 11.6b

Fe(C5H5)23 Fez1 1 2 C5H5 z 1 e2 16.8a, 15.6b

Fe(C5H5)23 Fez1 1 C10H10 1 e2 13.5a

Fe(C5H5)23 Fe 1 C10H10
z1 1 e2 13.8c

Fe(C5H5)2
z1 3 Fe(C5H5)

1 1 C5H5 z 6.41a, 4.61b, 3.7d

Fe(C5H5)
1 3 Fez1 1 C5H5 z 3.64a, 4.0b, 4.3d

Fe(C5H5)2
z1 3 Fez1 1 2C5H5 z 10.1a, 8.6b, 8.0d

a Photoionization study: [19].
b Electron impact study: [18].
c Electron impact study: [20].
d Time-resolved photodissociation study of FeCp2

z1 ion: [13].
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results by other means. UV MPI/MPD of ferrocene
resulted in exclusive molecular dissociation, prior to
ionization of an Fe atom for photon wavelengths of
380–390 and 445–453 nm [11,15,16]. MPI/MPD at
higher photon energies (193 and 248 nm) produced
FeCp2

z1, FeCp1 and Fez1 [17,18]. C10H10
z1 was not

observed in these MPI/MPD works. The present VUV
fragmentation result is similar to the electron impact
results [17,20], in that FeC3H3

1 and C10H10
z1 are

produced as additional products. The C10H10
z1 elimi-

nation [reaction (2b)], being a concerted reaction, is
energetically more favorable than the sequential li-
gand elimination processes [reaction (1)], but should
be more demanding entropically because the necessity
of Cp-Cp association. The sequential ligand dissoci-
ation is known [16–18] to occur very fast, for exam-
ple, within 10 ns under a UV MPI/MPD condition that
gives molecular internal energy comparable to single
VUV photon absorption. The concerted elimination
reaction, on the other hand, is expected to occur much
more slowly because of an entropy barrier. In the
present experiment, the two reactions of very different
speeds take place simultaneously. These seemingly
contradictory observations can be explained if one
assumes that the concerted reaction takes place on the
electronic excited potential surfaces of long lifetimes.
There are numerous electronic states of ferrocene
[6,7] that can be populated by either VUV photon
absorption or electron impact. SID is a unique kind of
method that can excite molecular ions to an energy
comparable to VUV absorption. SID of FeCp10

z1 at
hyperthermal collision energy produces FeCp2

z1,
FeCp1, FeC3H3

1, Fez1 and C10H8
z1 [21,22]. For the case

of SID, the yield for molecular reflection (FeCp2
z1)

drastically decreases at high collision energy (.30 eV),
to a value much smaller than the fragmented ion yields.
In comparison, the FeCp2

z1 yield in Fig. 3 continues to
be the largest even at high photon energies.

3.2. TOF peak shape and dissociation dynamics

The fragmentation peaks in a TOF spectrum cor-
respond to the ions rapidly dissociated inside the
ionization region (region I in Fig. 1) upon VUV
absorption. The fragmented ions of different masses

acquire different velocities during the electrostatic
acceleration, and are distinguished in a TOF spec-
trum. When parent ions dissociate at a much delayed
time and thus in the field-free drift region (region III),
the daughter ions have the same velocity as the parent
ions. In this case the two ions appear within the
envelope of a single TOF peak. If dissociation occurs
while parent ions pass through the acceleration and
focusing region (region II), then the daughter ions
give rise to an asymmetric tail in the TOF peak [23].
The duration for parent FeCp2

z1 ions to stay inside
region II is of the order of 1ms or less in the present
experiment, with the extraction voltage of region II
controlled between 0.5–3 kV across a distance of 8
mm. Accordingly, the dissociation rate of a compara-
ble timescale can be measured by analyzing a TOF
peak shape.

Fig. 4 exemplifies an asymmetric TOF peak with a
low velocity tail observed for fragmented ions, show-
ing the FeCp1 ion signals produced at photon energy
of 14.76 eV (84 nm). Most of the daughter ions
exhibit such an asymmetric TOF distribution, when
they are produced by low energy photons. In order to
analyze the peak shape of Fig. 4, a convolution fit is
employed using the Lorentzian function with a single
exponential decay in the form,

S~t! 5 O
t5t0

tf Ae2kt*

1 1 B~t9 2 t!2 , (3)

whereS(t) represents the intensity profile of fragment
ions (the TOF distribution), andt is the TOF of an ion
to a detector. The Lorentzian function is used to
describe the inherent feature of a TOF signal, ac-
counting for the TOF broadening because the thermal
motions, the instrumental resolution and the kinetic
energy released during molecule dissociation. The
Lorentzian parameterB is determined from a peak
shape without a tail that appears at sufficiently high
photon energy. If parent ions dissociate in region II of
high potential gradient, the emanating daughter ions
will acquire various degrees of electrostatic accelera-
tion depending on the position, and thus the time, of
their birth. That is, the dispersion in the time of birth
gives rise to asymmetric broadening in the TOF peak
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of daughter ions [23]. The parent ion population in
region II decays by the dissociation, following the
first-order kinetics, exp(2kt*). The value fort* can
be easily related to the experimental TOF value and
the instrumental parameters such as acceleration volt-
age and length. The instrumental parameters have
been varied in the experiment, confirming that the
kinetic model used for this analysis is valid. The time
range for convolution spans from the time of photo-
excitation (t0) to the time of ion escape from region II
(tf). In Fig. 4, the functional form of Eq. (3) is
presented by the broken-line curve, after being opti-
mized to the experimental TOF data. Apparently, this
function fails to provide a satisfactory fit to the entire
TOF distribution, particularly to the sharp peaking at
the high velocity position. The sharp peaking can be
reproduced only by including an additional reaction
channel of rapid dissociation of parent ion, which is
described by the extra Lorentzian term in Eq. (4).

S~t! 5 O
t5t0

tf A1e
2kt*

1 1 B~t9 2 t!2 1
A2

1 1 B~t0 2 t!2 (4)

We use a Lorentzian form for the rapid dissociation
because when the dissociation occurs within 1027 s,
the inherent TOF broadening, which is Lorentzian, is
larger than the dissociation-induced broadening. The
solid-line curve in Fig. 4 represents the best fit to the
experimental data using Eq. (4). It givesk 5 2.4 6

1.0 3 106 s21 for the slower dissociation channel,
the uncertainty in thek value estimated from adjust-
ment of the fitting parameters.

The measured rate of 2.46 1.0 3 106 s21 for the
dissociation reaction, FeCp2

z1 3 FeCp1 1 Cpz , is
thought to be compatible with a statistical unimolecu-
lar decay. In order to check this possibility, we
compare the dissociation rate with the theoretical
RRKM rate, under approximation that the absorbed
photon energy is fully converted to the molecular

Fig. 4. The TOF shape of Fe(C5H5)
1 ion signals generated at photon energy of 14.76 eV (dotted points). The dashed line represents Eq. (3)

and the solid line Eq. (4). The solid line gives a unimolecular decay constant ofk 5 2.4 6 1.0 3 106 s21.
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internal energy of FeCp2
z1 after the initial ionization.

Such approximation is not unreasonable for the data
of Fig. 4 because the photon energy of 14.76 eV is
only slightly above the dissociation threshold energy
(11.6–13.16 eV; Table 1), and in this case the kinetic
energies of ejected electrons are probably very small.
The RRKM rate has been calculated by Faulk and
Dunbar [13] based on their time-resolved photodisso-
ciation study of FeCp2

z1 and using the vibrational
frequencies of neutral FeCp2 [9,10]. They found the
most reasonable kinetic parameters to be the activa-
tion energy (E0) of 3.40–4.05 eV and the entropy of
activation (DS*) of 0.90–12.66 eu. Within these
parameter ranges, the RRKM curve fitted to the data
of both ours and Faulk and Dunbar [13] is shown by
the solid line in Fig. 5. The activation energy is 3.95
eV with DS* 5 11.39 eu for this curve. With inclusion
of the present data, theE0 value goes toward the upper

limit of the Faulk and Dunbar’s value. The increase of
E0 seems to be in the right direction, considering that the
data point at 5.42 eV taken from Ref. [13] gives such a
margin, and that the recent electron impact study [18]
has indicated a higher value for the CpFe1–Cp bond
dissociation energy (4.61 eV). The dashed line in the
figure represents the original curve of Ref. [13], with
E0 5 3.75 eV andDS* 5 7.14 eu. It is clear from this
analysis that the tailing in the FeCp1 peak results from
slow unimolecular decay of parent FeCp2

z1 ions in
region II. The sharp peaking in the distribution, on the
other hand, must be assigned to an alternative dissocia-
tion reaction that occurs much faster (k . 107 s21) than
a statistical reaction, and consequently, via a direct
nonstatistical route. It is quite plausible that this direct
channel is responsible for the fast ligand dissociation
reactions (k $ 108 s21) observed in the previous UV
MPI/MPD studies [16–18].

Fig. 5. The rate for dissociation reaction, Fe(C5H5) 2
z13 Fe(C5H5)

1 1 C5H5z , as a function of ion internal energy. The solid circle represents
our result at photon energy of 14.76 eV, the ion internal energy being obtained by subtracting the Fe(C5H5)2 ionization energy (6.75 eV) and
adding the thermal energy (0.22 eV). The open circles are from Ref. [13]. The solid line is the RRKM curve fitted to both solid and open circles,
giving E0 5 3.95 eV. Thedashed-line curve is from [13] withE0 5 3.75 eV.
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4. Conclusion

The photoionization and photodissociation reac-
tions of ferrocene have been investigated under the
condition of VUV single photon absorption (14–33
eV). The major ionic products are FeCp2

z1, FeCp1

and Fez1, well expected from Cpz ligand dissociation.
The ligand dissociation occurs largely in a sequential
way, but concerted elimination of two Cpz rings is
also indicated by the C10Hx

z1 ( x 5 8–10)production.
The concerted elimination reaction is one of the
features that distinguish VUV single photon excita-
tion from UV multiphoton excitation. The concerted
reaction probably involves the electronic excited
states of long life-times populated by VUV absorp-
tion. The rate for CpFe–Cp dissociation has been
estimated by analyzing the asymmetric TOF distribu-
tion shape of FeCp1 signals. The dissociation occurs
via two channels, the direct dissociation occurring
inside the ionization region right after VUV excitation
and the slow unimolecular decay. The unimolecular
decay rate ofk 5 2.4 6 1.0 3 106 s21 observed at
photon energy of 14.76 eV is well in accord with the
calculated RRKM value. The kinetic information
deduced for these channels is quantitatively valid only
for low photon energies. More accurate information
over a wider energy range will require further inves-
tigation based on a photoelectron photoion coinci-
dence study using electron energy analysis.
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