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Fixed-frequency negative-ion photoelectron spectra of tricarbonyl(η5-methylcyclopentadienyl)manganate(0),
Cp*Mn(CO)3-, are obtained at 355 and 532 nm. The adiabatic electron affinity of tricarbonyl(η5-
methylcyclopentadienyl)manganese(I), Cp*Mn(CO)3, as obtained from the experiments, is 0.5( 0.1 eV, and
the vertical ionization potential of the anion is 1.0( 0.1 eV. By combining our electron affinity results with
literature gas-phase acidity estimates for Cp*Mn(CO)3 we determine that the C-H bond dissociation energy,
D[H-CH2C5H4Mn(CO)3-], in the anion is 2.2( 0.8 eV.

Introduction

Organotransition-metal complexes that contain a cyclopen-
tadienyl ligand have been the subjects of a vast amount of
research, primarily due to the synthetic and catalytic versatility1

of such species and the rich bonding modes that are available
to the cyclopentadienyl ligand. Tricarbonyl(η5-methylcyclopen-
tadienyl)manganese(I), Cp*Mn(CO)3, has been used as an
antiknock agent in gasoline since 1976 in Canada2 and more
recently in the U.S.A.3 In addition, Cp*Mn(CO)3 is known to
be a very effective octane-enhancing agent.4 Because of its
widespread use, it is important to obtain more information about
Cp*Mn(CO)3, including its atmospheric lifetime, combustion
properties, decomposition mechanism in aqueous and atmo-
spheric environments, and other thermodynamic properties.

In this paper, we report the fixed-frequency negative-ion
photoelectron spectra of Cp*Mn(CO)3

- as a means to determine
the electron affinity of Cp*Mn(CO)3.

Experimental Section

The negative-ion photoelectron spectrometer has been de-
scribed in detail previously.5,6 A carrier gas (either argon or
helium) at 1 atm backing pressure is passed over room-
temperature liquid Cp*Mn(CO)3. The resulting dilute mixture
(Cp*Mn(CO)3 has a vapor pressure of 9.3 mm at 100°C) is
expanded through a pulsed molecular beam nozzle and crossed
with a 1 keV electron beam.7 The negative ions produced in
the process are cooled to approximately 100 K as the expansion
progresses.8

The resulting anions are accelerated to 1 keV and then mass
selected using a 1.5 m beam-modulated time-of-flight mass
spectrometer.9,10 The mass spectrometer is also equipped with
an einzel lens and a temporal focusing lens. For these experi-
ments, the mass spectrometer is calibrated using oxygen anion
clusters.

The mass-selected anion bunch of interest is intersected at
90° with the doubled or tripled output from a pulsed Nd:YAG
laser. A small fraction of the detached electrons is energy
analyzed in a 1 mtime-of-flight spectrometer, located mutually

perpendicular to both the ion flight path and the laser beam
path. The electron spectrometer is calibrated using the known
photoelectron spectra of O-, O2

-, and NO- and has a resolution
of 80 meV at 1.6 eV.

Results

A mass spectrum of a helium expansion of Cp*Mn(CO)3 is
displayed in Figure 1. The two major peaks in the spectrum
occur atm/e values of 218 and 236. The third largest peak has
anm/e of 180, while a “doublet” of peaks occurs atm/e ) 250
and 254. A trace amount of an anion corresponding to anm/e
of 204 is also detected.

The electron time-of-flight spectrum for electrons photode-
tached from Cp*Mn(CO)3- using the third harmonic (355 nm,
3.49 eV) of the Nd:YAG laser is shown in Figure 2. Two broad
peaks are observed in this spectrum, one at a flight time of 1000
ns with a width of 120 ns and a second feature centered at a
flight time of 1250 ns. This spectrum is converted in the usual
manner into an electron kinetic energy spectrum and displayed
in Figure 3. From this figure, a high electron kinetic-energy
threshold of 3.0( 0.1 eV is revealed with a maximum in the
signal occurring at an electron kinetic energy of 2.5( 0.1 eV.
The second threshold occurs at 2.0( 0.2 eV.

The electron kinetic-energy spectrum for electrons photode-
tached from Cp*Mn(CO)3- using the second harmonic (532 nm,
2.33 eV) of the Nd:YAG laser is shown in Figure 4. Only one
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Figure 1. Mass spectrum of negative ions produced from a dilute
mixture of room-temperature Cp*Mn(CO)3 expanded with 1 atm
backing pressure of helium carrier gas: (a) CpCo(CO)2

-; (b)
CpMn(CO)3-; (c) Cp*Mn(CO)3-; (d) Cp*Mn(CO)3-‚H2O; (e) [Cp*Mn-
(CO)3‚O2]-; (f) Cp*Mn(CO)3-‚2H2O.
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broad peak is observed in this spectrum. From Figure 4, a high
electron kinetic-energy threshold of 1.8( 0.1 eV is apparent.

Discussion

Mass Spectrum.The dominant peak in the mass spectrum
of Figure 1 is due to the parent anion Cp*Mn(CO)3

- at 218
amu. It is very typical of the anion source used (crossed
molecular beam/electron beam) that very little fragmentation
of the parent molecule is observed. In the mass spectrometry
work on the related complex, tricarbonyl(η5-cyclopentadienyl)-
manganese(I), CpMn(CO)3, by Winters and Kiser,11 the domi-
nant negative ion that they observed, using 70 eV electron
energy, was the parent ion CpMn(CO)3

-. (Note that Cp*≡
CH3C5H4, the methylcylopentadienyl ligand, and Cp≡ C5H5,
the cyclopentadienyl ligand.)

The anions detected atm/e values of 236, 250, and 254 may
be assigned to Cp*Mn(CO)3

-‚H2O, [Cp*Mn(CO)3‚O2]-, and
Cp*Mn(CO)3-‚2H2O, respectively. This clustering of the or-
ganometallic compound with residual water and oxygen in the
source gas lines has been observed in our previous studies.

The signal atm/e ) 204 may be due to an anion from which
a methyl group has been lost from the methylcyclopentadienyl

ligand resulting in an anion of mass 203 amu. Alternatively, it
may be due to the CpMn(CO)3

- anion (mass of 204 amu)
possibly produced by a 1,2-hydrogen shift and elimination of a
methylene unit from the methylcyclopentadienyl ligand. The
resolution of the mass spectrometer is insufficient to distinguish
between these two possibilities. The driving force for the
formation of either of these anions may be the desire to reduce
the electron density on the manganese atom. In neutral
complexes, methyl groups on a cyclopentadienyl ring are known
to be electron donating, and this ligand in turn increases the
electron density on the metal center.12,13The methylated ligand
thus directs increased electron density toward the manganese
center in a complex. In Cp*Mn(CO)3

-, the extra electron
represents a strain on the manganese center that can be relieved
by elimination of the methyl or methylene group on the Cp*
ligand.

The peak at 180 amu is CpCo(CO)2
-, which arises due to

contamination of the source by CpCo(CO)2 which was studied
in the spectrometer just prior to the running of the present
experiments.

Electron Spectra. The adiabatic electron affinity, EAad, is
the minimum energy required to remove an electron from the
ground electronic, vibrational, and rotational state of an anion,
thus producing the corresponding ground-state neutral molecule
and an electron with zero kinetic energy.

E(Re) is the energy of the neutral molecule at its ground-state
equilibrium geometry, Re, andE-(Re

-) is the energy of the anion
determined at the equilibrium geometry of the anion, Re

-. The
threshold at high electron kinetic energy in the negative-ion
photoelectron spectrum can give an upper bound to EAad by
subtracting the observed threshold from the photon energy.

The 355 nm (3.49 eV) photoelectron spectrum of Cp*Mn-
(CO)3- is displayed in Figure 3. From the observed high-energy
electron kinetic-energy threshold of 3.0( 0.1 eV, the adiabatic
electron affinity of Cp*Mn(CO)3 is estimated to be 0.5( 0.1
eV.

The vertical ionization potential, FIPvert, of the anion is the
difference between the energy of the neutral molecule deter-
mined at the equilibrium geometry of the anion,E(Re

-), and
the energy of the anion determined at the ground-state equilib-
rium geometry of the anion,E-(Re

-),

This can be obtained from the experimental data by subtracting
the position of the maximum intensity in the electron kinetic-
energy spectrum from the photon energy. In Figure 3, the
maximum occurs at an electron kinetic energy of 2.5( 0.1 eV
corresponding to a FIPvert[Cp*Mn(CO)3-] of 1.0 ( 0.1 eV.

The second threshold at a 2.0( 0.2 eV electron kinetic energy
in Figure 3 corresponds to transitions to an excited state of
Cp*Mn(CO)3, which lies 1.0 eV above the ground state.

The high-energy threshold of 1.8( 0.1 eV electron kinetic
energy observed when the photon energy of 532 nm (2.33 eV)
is used for photodetachment, as displayed in Figure 4, confirms
that EAad[Cp*Mn(CO)3] is 0.5 ( 0.1 eV.

Comparison with Related Complexes. The low electron
affinity that we observe, EAad[Cp*Mn(CO)3] ) 0.5 ( 0.1 eV,
is consistent with Cp*Mn(CO)3

- being a 19-electron com-
plex.14,15An ESR study16 of the related complex CpMn(CO)3

-,
which contains the unmethylated cyclopentadienyl ligand,
indicated that the singly occupied molecular orbital was

Figure 2. The electron time-of-flight spectrum for electrons photo-
detached from Cp*Mn(CO)3

- using 355 nm (3.49 eV) photons (30 mJ/
pulse).

Figure 3. The electron kinetic-energy spectrum of electrons photo-
detached from Cp*Mn(CO)3

- using 355 nm (3.49 eV) light (30 mJ/
pulse).

Figure 4. The electron kinetic energy spectrum for electrons photo-
detached from Cp*Mn(CO)3

- using the second harmonic (532 nm, 2.33
eV) of the Nd:YAG laser (40 mJ/pulse).

EAad ) [E(Re) - E-(Re
-)]

FIPvert ) E(Re
-) - E-(Re

-)
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primarily manganese dz2 with the population in this orbital
increasing to approximately 69%. The neutral complex Cp*Mn-
(CO)2(NO), which is isoelectronic with Cp*Mn(CO)3

-, under-
goes ligand substitution by a dissociative mechanism consistent
with Cp*Mn(CO)2(NO) being viewed as a 19-electron com-
plex.17 ESR studies of CpCr(CO)2NO- and CpMo(CO)2NO-,
both of which are isoelectronic to Cp*Mn(CO)3

-, showed that
a large amount of the electron density is localized on the metal
center and that these anions can be viewed as 19-electron
complexes.18

The 17-electron manganese complex, Mn(CO)5, has been
assigned an electron affinity of 2.43( 0.21 eV from values of
the proton affinity of Mn(CO)5- and the Mn-H bond dissocia-
tion energy in HMn(CO)5.19 If the Cp* ring distorted so as to
reduce the electron density on the Mn center in the Cp*Mn(CO)3

-

anion, we would expect a much high electron affinity for
Cp*Mn(CO)3 than we have measured.

Carbon-Hydrogen Bond Dissociation Energy.VanOrden
and Buckner20 were able to bracket the gas-phase acidity of
Cp*Mn(CO)3 between that of HCl [∆Hacid(HCl) ) 333 kcal
mol-1] and HF [∆Hacid(HF) ) 371.5 kcal mol-1] by studying
the reactions of Cl- and F- with Cp*Mn(CO)3. By using a
thermodynamic cycle, as depicted in Figure 5, to couple our
results for the electron affinity of Cp*Mn(CO)3 with these gas-
phase acidity results we can calculate the carbon-hydrogen
bond dissociation energy in the Cp*Mn(CO)3

- anion.

D[H-CH2C5H4Mn(CO)3-] is the C-H bond strength in the
methyl group on the cyclopentadienyl ligand on the anion, and
IP[H] ) 313.6 kcal mol-1 is the ionization potential of the
hydrogen atom. Using our electron affinity, we estimate that
the C-H bond dissociation energy is between 30.9 and 69.9
kcal mol-1 (2.2 ( 0.8 eV).

This range for the C-H bond strength in the methyl group
of the Cp* ligand is consistent with the notion that the
methylated ligand is electron donating with respect to the

manganese center. As electron density is moved toward the
metal, the C-H bond on the methyl group will weaken. This is
seen in a comparison of the C-H bond strengths21 in methane
(D[H3C-H] ) 104.1 kcal mol-1]) and toluene (D[C6H5CH2-
H] ) 85 kcal mol-1]) with our value of 50.5( 19.5 kcal mol-1

for removal of a hydrogen from the methyl group of the Cp*
ligand in Cp*Mn(CO)3-.

Conclusion
The 355 and 532 nm fixed-frequency negative-ion photo-

electron spectra of the tricarbonyl(η5-methylcyclopentadienyl)-
manganate(0) anion, Cp*Mn(CO)3

- are discussed in this paper.
From the high electron kinetic-energy threshold in these spectra,
we are able to infer that the adiabatic electron affinity of
tricarbonyl(η5-methylcyclopentadienyl)manganese(I), Cp*Mn-
(CO)3, is 0.5( 0.1 eV and that the vertical ionization potential
of the corresponding anion is 1.0( 0.1 eV. The low electron
affinity measured for Cp*Mn(CO)3 is consistent with a 19-
electron formulation for Cp*Mn(CO)3

-. By combining our
electron affinity results with literature gas-phase acidity esti-
mates for Cp*Mn(CO)3, we determine that the C-H bond
dissociation energy,D[H-CH2C5H4Mn(CO)3-], in the anion
may be bracketed between 2.2( 0.8 eV.

Acknowledgment. This work was supported by funding
from NSERC (Canada).

References and Notes
(1) Pruchnik, F. P.Organometallic Chemistry of the Transition

Elements; Plenum Press: New York, 1990.
(2) Egyed, M.; Wood, G. C.Sci. Total EnViron. 1996, 190, 11-20.
(3) Mahmood, Z.; Hussain, I.; Ellis, A. M.; Russell, D. K.Spectrochim.

Acta, Part A1997, 53, 995-1003.
(4) Craig, P. J.Organometallic Compounds in the EnVironment; John

Wiley & Sons: New York, 1986.
(5) Turner, N. J.; Martel, A. A.; Waller, I. M.J. Phys. Chem. 1994,

98, 474-477.
(6) Campbell, J. M.; Martel, A. A.; Chen, S.-P.; Waller, I. M.J. Am.

Chem. Soc.1991, 119, 4678-4685.
(7) Johnson, M. A.; Alexander, M. L.; Lineberger, W. C.Chem. Phys.

Lett. 1984, 112, 285-290.
(8) Waller, I. M.; Kitsopoulos, T. N.; Neumark, D. M.J. Phys. Chem.

1990, 94, 2240-2242.
(9) Bakker, J. M. B.J. Phys. E1973, 6, 785-789.

(10) Bakker, J. M. B.J. Phys. E1974, 7, 364-368.
(11) Winters, R. E.; Kiser, R. W.J. Organomet. Chem.1965, 4, 190-

197.
(12) Lichtenberger, D. L.; Rai-Chaudhuri, A.Organometallics1990, 9,

1686-1690.
(13) Calabro, D. C.; Hubbard, J. L.; Belvins, C. H., II; Campbell, A.

C.; Lichtenberger, D. L.J. Am. Chem. Soc.1981, 103, 6839-6846.
(14) Astruc, D.Chem. ReV. 1988, 88, 1189-1216.
(15) Tyler, D. R.Acc. Chem. Res. 1991, 24, 325-331.
(16) Symons, M. C. R.; Bratt, S. W.; Wyatt, J. L.J. Chem. Soc., Dalton

Trans. 1983, 1378-1383.
(17) Neto, C. C.; Kim, S.; Meng, Q.; Sweigart, D. A.; Chung, Y. K.J.

Am. Chem. Soc.1993, 115, 7-2078.
(18) Geiger, W. E.; Rieger, P. H.; Tulyathan, B.; Rausch, M. D.J. Am.

Chem. Soc. 1984, 106, 7000-7006.
(19) Meckstroth, W. K.; Ridge, D. P.J. Am. Chem. Soc.1985, 107,

2281-2285.
(20) VanOrden, S. L.; Buckner, S. W.Polyhedron1991, 10, 2487-

2493.
(21) Golden, D. M.; Benson, S. W. Chem. ReV. 1969, 69, 125-134.

Figure 5. Thermodynamic cycle used for calculating the C-H bond
dissociation energy,D[H-CH2C5H4Mn(CO)3-], in tricarbonyl(η5-
methylcyclopentadienyl)manganate(0), indicated asD[H-C] in the
figure. ∆Hacid is the gas-phase acidity of Cp*Mn(CO)3, and IP(H) is
the ionization potential of hydrogen.

D[H-CH2C5H4Mn(CO)3
-] )

EA[Cp*Mn(CO)3] + ∆Hacid[Cp*Mn(CO)3] - IP[H]
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