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The reaction of FeC5H5
+ ion with ferrocene molecule is investigated using FT-ICR mass spectrometry.

FeC5H5
+ ions are generated by dissociative ionization of ferrocenes using an electron beam. The reaction gives

rise to the formation of the adduct ion, Fe2(C5H5)3
+, in competition with charge transfer reaction leading to the

formation of ferrocene molecular ion, Fe(C5H5)2
+·. The branching ratio of the adduct ion increases as the inter-

nal energy of the reactant ion decreases and correspondingly the branching ratio for the charge transfer reaction
product decreases. The observed rate of the addition reaction channel is slower than that of the charge transfe
reaction. The observation of the stable adduct ions in the low-pressure ICR cell is attributed to the radiative
cooling of the activated ion-molecule complex. The mechanism of the reaction is presented to account for the
observed experimental results.

Introduction

The reaction of the FeC5H5
+ ion with the neutral ferrocene

has attracted much interest in recent years for the elucidation
of the mechanism of the Fe2(C5H5)3

+ cluster formation.1-5

The formation of Fe2(C5H5)3
+ was first reported by Muller et

al. from their mass spectrometric study.1 The kinetics of the
Fe2(C5H5)3

+ formation reaction was studied by Schildcrout
using a double focusing mass spectrometer,2 demonstrating
that the reaction of FeC5H5

+ with ferrocenes leads an addi-
tion reaction forming the stable adduct ion in competition
with a charge transfer reaction producing ferrocene molecu-
lar ion, Fe(C5H5)2

+. Foster et al. reported their ion cyclotron
(ICR) mass spectrometric studies3 and confirmed the reac-
tion mechanism suggested by Schildcrout. These studies
provided a two-channel picture as following.

Recently, Innorta et al. reported from their ion trap mass
spectrometric studies that the branching ratio of the addition
reaction channel increases as the background helium
pressure increases at the range of 5×10−6 to 5×10−4 Torr.4,5 It
was proposed that both channels go through a common
activated reaction intermediate, Fe2(C5H5)3

+*, which dis-
sociates to form the charge transfer reaction product or
stabilizes to the adduct ion by collisional quenching with
helium molecules. However, it is not clearly stated whether
the dependence of the branching ratio on the helium pressure
is due to the collisional quenching of Fe2(C5H5)3

+* or the
collisional cooling of the reactant ion itself. The collision
rate constant of a gas phase ion is typically in the order of
1×10−9 cm3 molecule−1 s−1 according to the ion-molecule
collision theory.6 Thus, the collision interval of the inter-

mediate ion is expected to be 5 ms to 50 ms at the hel
pressure of 5×10−6 to 5×10−4 Torr applied in the ion trap
study. As most of activated ion-molecule reaction inte
mediates are known to have lifetime of ms time scale,8-11 the
collisional quenching is not expected to be a domina
reaction channel of Fe2(C5H5)3

+* compared to other possible
channels such as the unimolecular dissociation eit
backward to the reactants or forward to the charge tran
products. To establish the mechanism of the Fe2(C5H5)3

+

cluster formation, the reaction kinetics are to be stud
under well characterized collision environment.

The ionization potential of ferrocene is well known t
be 6.75 eV from photoionization studies.12 The ionization
potential of iron cylcopentadienyl radical, estimated fro
relatively reliable thermochemical data in literature
ranges between 6.2 eV and 6.8 eV [see reference 13
details]. The thermochemical estimation gives litt
guidance in deciding whether the charge transfer reac
channel is endothermic or exothermic. The reaction 
FeC5H5

+ with several organic molecules were studied 
Ekeberg et al.14 and Gwathney et al.15 They proposed that
electron impact ionization of ferrocene may genera
FeC5H5

+ in the long-lived excited electronic state, but the
experimental results were not conclusive to support 
proposition.

In this paper, we report our investigation of the reaction
FeC5H5

+ with neutral ferrocene using a Fourier transform
ion cyclotron (FT-ICR) mass spectrometer. The FeC5H5

+

ions were generated by electron impact ionization of f
rocenes. The reaction rate for each channel is measure
monitoring the intensities of the reactant ion and the prod
ions as functions of reaction time. To investigate effects
the internal energy of the reactant ion, the branching ratio
the two channels are measured in the electron energy ra
of 10-50 eV. A reaction mechanism is proposed to acco
for our experimental results.

(1-a)

(1-b)
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Experimental Section

All experiments were performed with a Finnigan FTMS-
2000 Fourier transform-ion cyclotron mass spectrometer
equipped with a 3.0 Tesla superconducting magnet and a dif-
ferentially pumped dual cell. The dual cell consists of two
5.04 cm cubic assemblies serially aligned along the axial
axis of the magnet field. In this work, ion formation and
detection were achieved at the source side of the dual cell.
The pressure in the ICR cell was measured with an ion
gauge shielded with a magnetic field isolation box. The
background pressure of the ICR cell is typically below 5×
10−9 Torr. Ferrocene vapor was introduced to the source side
of the cell with a reservoir inlet system. The sample pressure
measured with the ion gauge was typically ~2× 10−8 Torr.
As measuring absolute rate constants is out of the scope of
this study, calibration of the ion gauge was not performed.
FeC5H5

+ ions were generated by electron impact ionization
of ferrocenes. Double resonance ion ejection techniques
were used to isolate FeC5H5

+ ions. For time-resolved detec-
tion of ion-molecule reactions, mass spectrum of ions inside
the ICR cell was monitored as a function of delay time
between isolation of the reactant ion and a broad band rf
detection pulse. The branching ratios of the reaction prod-
ucts were measured by taking mass spectrum at 10 s after
isolation of the reactant ions in the electron energy range 10-
50 eV. The completion of the reaction was ensured from the
time-resolved detection study. Ferrocene was obtained from
Aldrich and used without further purification.

Results

The mass spectra obtained at 10 second after isolation of
FeC5H5

+ (m/z 121) ions show that the major products of the
reactions of the ions with neutral ferrocenes are the charge
transfer reaction products, Fe(C5H5)2

+., at m/z 186 and the
adduct ions, Fe2(C5H5)3

+, at m/z 307. After long time delay,
at least 10 s in the experimental condition, the reactant ions
disappear completely. Fe(C5H5)2

+. and Fe2(C5H5)3
+ do not

have further reactions in the experimental condition. These
observations agree with the previous results reported by
Innorta et al.4,5 and Foster et al.3 

We investigated the effect of the internal energy of the
reactant ion, FeC5H5

+, on the product branching ratio. A few
methods were employed to adjust the internal energy. The
branching ratios of the two channels measured as functions
of the ionization electron energy are shown in Figure 1. The
branching ratio for the charge transfer reaction shows a grad-
ual increase as the electron energy increases while the ratio
for the addition reaction channel decreases: 65% of
Fe(C5H5)2

+. and 35% of Fe2(C5H5)3
+ at 10 eV; 94% and 6%,

respectively, at 50 eV. The branching ratios showed little
change upon the introduction of helium gas up to 5× 10−7

Torr measured by the ion gauge. It was impossible to
observe a mass spectrum at further higher helium pressure
due to a significant collisional damping of the detected ICR
signal. At moderate helium pressure of 7× 10−8 Torr, a weak

resonant rf pulse was applied to the FeC5H5
+ ions to induce

collisional excitation of the ions,16,17 and the branching ratio
of Fe(C5H5)2

+. ions noticeably increased. These results in
cate that FeC5H5

+ ions with higher internal energy produc
more Fe(C5H5)2

+. ions than the ions with lower energy.
Time-resolved reaction spectrum of FeC5H5

+ ions in the
presence of ferrocene molecules is shown in Figure 2. 
buffer gas was introduced into the ICR cell during the obs
vation. The intensities of Fe(C5H5)2

+. and Fe2(C5H5)3
+ show

exponential increases, but the Fe2(C5H5)3
+ ion shows a

slower increase than the Fe(C5H5)2
+. ion. The rate of the for-

mation of each product ion is obtained by fitting the tim
resolved spectrum to the pseudo-first-order rate equat
The observed rate of the formation of Fe(C5H5)2

+. is 0.68 ±
0.02 s−1, while that of Fe2(C5H5)3

+ formation is 0.36 ± 0.02
s−1. As it is not clear in the spectrum whether the decay s
nal of the reactant ion is bi-exponential, the signal is fitted
a single exponential decay equation. The observed rat
0.49 ± 0.01 s−1 is near the average of the formations of th
two products. The numbers given after ‘‘±’’ are the u
certainties coming from fitting the time resolved reactio

Figure 1. The branching ratios of the charge transfer reaction a
the addition reaction of FeC5H5

+ ion with neutral ferrocene as
functions of the ionization electron energy

Figure 2. Time-resolved reaction spectrum for the reaction 
FeC5H5

+ with neutral ferrocene. The ionization electron energy w
12 eV. The solid curves are obtained by fitting the time-resolv
spectrum to the pseudo-first-order rate equation.
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Discussion

It is interesting to observe the formation of the stable
adduct ion, Fe2(C5H5)3

+, in the low pressure ICR cell without
additional introduction of buffer gases. In gas phase, an
effective cooling of the activated reaction intermediate,
Fe2(C5H5)3

+*, is necessary for the intermediate to be stabi-
lized as an adduct ion. Internally excited ions in gas phase
are known to be stabilized by either collision with neutral
molecules or radiative transition to low energy states.7-11 At
the ferrocene neutral pressure of 2× 10−8 Torr, the collision
rate of the intermediate ion-molecule complex, kc[M] where
[M] is the density of all the neutrals, is estimated to be
approximately 0.5 sec−1 based on the the average dipole ori-
entation theory.6 As this rate is too slow, the collisional cool-
ing of the relatively short-lived activated intermediates to the
stable adduct ions cannot compete with the unimolecular
dissociation either toward the charge transfer reaction prod-
ucts or backward to the reactants.7-11 Thus, the observation
of the adduct ions in our experimental condition indicates
that the formation of the adduct ions is due to the rapid radi-
ative cooling of the activated intermediates, but not due to
the collisional cooling. In contrast, Innora et al.4-5 proposed
the collisional cooling of the intermediate as a major channel
of the cooling processes to explain their ion trap mass spec-
trometric studies, in which they observed the increase of the
branching ratio of Fe2(C5H5)3

+ by increasing helium pressure
at the range of 5× 10−6 to 5× 10−4 Torr. At even the highest
helium pressure applied in the ion trap study, the collision
interval of the intermediate is estimated to be approximately
50 ms, which is too long compared to the expected lifetime
of the intermediate.7-11 We note that the collisional cooling of
the reactant ions by the buffer gas is more effective than that
of the short-lived intermediates. Also, our experimental
results show that decreasing the internal energy of the reac-
tant ions increases the branching ratio of Fe2(C5H5)3

+. Corre-
spondingly, the increase of the branching ratio of
Fe2(C5H5)3

+ by increasing helium pressure, observed by
Innora et al., could be at least partly due to the increased col-
lisional cooling rate of the reactant ion itself. 

It is remarkable to observe the difference between the rate
of the two product channels and the internal energy depen-
dence of their branching ratios. Though it is not unusual to
observe the internal energy dependence of their branching

ratios, the difference between the observed rate of the two
product channels can not be explained by the simple two-

channel mechanism. According to the two-channel mec
nism, the formations of the two products and the decay
the reactant ion must have the same reaction rate. I
unlikely that the two channels from the same reactants h
different rates even in the case when the two channels h
different reaction intermediates. If the two channels a
through two different structural isomers of FeC5H5

+, which
may be generated from the dissociative ionization of f
rocenes, the two channels might have different react
rates. However, the collisional cooling would not change 
branching ratios because it is not expected to change
ratio of the isomers. Also, the FeC5H5

+ ion is structurally
simple and is unlikely to have a structure other than the m
stable structure with iron cation sitting on the cyclopentad
nyl ring.18 We rather propose that the charge transfer re
tion is either endothermic or has a slight activation barrie
it is exothermic. The presence of the activation barrier for
exothermic charge transfer reaction is expected if the gro
electronic state of the reaction products (radical cation + r
ical, open shell) does not correlate to the ground electro
state of the reactant (closed shell) or the reaction interm
ate (closed shell). In this case, the reaction goes throug
avoided curve crossing, which causes considerable leve
activation barrier for the reaction channel.19 In either case,
the reactant ion must have internal energy higher than 
reaction threshold to produce the charge transfer produ
Our proposal of the presence of activation barrier in 
charge transfer reaction well predicts the dependence of
product branching ratios on the internal energy of the re
tant ion. According to the proposed mechanism, the FeC5H5

+

ions with internal energy lower than the charge transfer re
tion threshold can produce only the adduct ions while 
FeC5H5

+ ions with internal energy higher than the thresho
can proceed into both channels. At lower ionization elect
energy the internal energy distribution of the FeC5H5

+ ions
shifts to the low energy side. Thus, the branching ratio of 
addition reaction channel is expected to increase at the lo
electron energy. The increase of the branching ratio of 
charge transfer product upon applying a resonant rf puls
FeC5H5

+ ions support the mechanism as the rf pulse indu
the collisional excitation of the ions in the presence of buf
gases. 

Considering the presumed presence of activation bar
for the charge transfer reaction and the difference of 
reaction rate of the two channels, the following reacti
mechanism is proposed. 

The mechanism divides the reactant ions, FeC5H5
+, to two

groups; (FeC5H5
+)h with internal energy higher than the



1184     Bull. Korean Chem. Soc. 1999, Vol. 20, No. 10 Byungjoo Kim and Hun-Young So

The
han
 are
rrier
ac-

1,

 6,

 L.;

 is

ned

m

,
ia-

ela-
ti-
threshold of the charge transfer reaction channel, and
(FeC5H5

+)c with internal energy lower than the threshold.
The reaction intermediate, (Fe2(C5H5)3

+*)h, formed from
(FeC5H5

+)h has excess energy to dissociate into the charge
transfer product (k2,h). This dissociation channel competes
with the radiative cooling of the intermediate (k3,h) and back-
ward dissociation to the reactants (k-1,h and kh_c). It is well
known that backward dissociations of ion-molecule com-
plexes generate reactant ions with significantly lower inter-
nal energy than their original reactant ions due to the internal
energy redistribution of the complexes.20 Thus, the back-
ward dissociation of (Fe2(C5H5)3

+*)h is expected to generate
mostly (FeC5H5

+)c. The radiative cooling of (FeC5H5
+)h, kr,

also generate(FeC5H5
+)c. According to the proposed mecha-

nism, the rate of the formation of Fe(C5H5)2
+. is the same

with the decay rate of (FeC5H5
+)h. (FeC5H5

+)c is continu-
ously generated by the cooling of (FeC5H5

+)h through the
backward dissociation (kh_c) of intermediate (Fe2(C5H5)3

+*)h

or by the radiative cooling (kr). Thus the decay of (FeC5H5
+)c

must be slower than the decay of (FeC5H5
+)h. Correspond-

ingly, the formation of Fe2(C5H5)3
+ is expected to be slower

than the formation of Fe(C5H5)2
+.. This mechanism predicts

that the rate of the formation of Fe2(C5H5)3
+ is slower than

that of Fe(C5H5)2
+.. Therefore, the proposed mechanism suc-

cessfully predicts the observed kinetic results. The mathe-
matical description of the time-profile of the intensity of
each ion species is rather complicated and decided to set out
of the scope of this report. 

Under our experimental results, it is not clear whether the
(FeC5H5

+)h can be attributed to ions in a long-lived excited
electronic state or vibrationally excited ions in the ground
electronic state. However, it is apparent that the energetics of
the reaction channels is important for the interpretation of
our experimental results. The proposed mechanism calls for
the theoretical calculations of the energetics, the structures,
and the electronic configurations of chemical species involv-
ed in the reaction and transition states along the reaction
coordinate. 

The formation of the presumed triple-decker sandwich
adduct ion at low pressure does not seem to be confined to
the iron compound. In a preliminary investigation on the
reaction of NiC5H5

+ with Ni(C5H5)2, we also observed the
formation of the adduct ion, Ni2(C5H5)3

+, but the yield was
very low compared to its iron analogue. Currently, the colli-
sionally induced dissociation of isotope labeled Fe2(C5H5)3

+

is under way to elucidate the structure of the adduct ion.
 

Conclusion

The gas phase ion chemistry of ferrocene was studied
using FT-ICR mass spectrometry. The ion-molecule reaction
of FeC5H5

+ with ferrocene in the low pressure ICR cell have
two competing reaction channels; formation of the adduct
ion, Fe2(C5H5)3

+, and charge transfer reaction leading to the
formation of ferrocene molecular ion, Fe(C5H5)2

+.. The
branching ratio for the addition reaction increases as the
internal energy of the reactant ion decreases and correspond-

ingly the ratio of the charge transfer reaction decreases. 
observed rate of the addition reaction channel is slower t
that of the charge transfer reaction. The observed results
considered to be due to the presence of the activation ba
for the charge transfer reaction. The mechanism of the re
tion is proposed to account for the experimental results. 
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