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Abstract

Fourier transform mass spectrometry is used with chemical ionization to observe iron pentacarbonyl molecules in an
ultra-high vacuum system. Mass spectra are obtained from molecules desorbed from a cold Pd(111) surface using laser-induced
thermal desorption (LITD) and directly from Fe(CO)5 vapors. A variety of ions are formed when using 70 eV electrons,
including some molecular ion. Charge exchange using Ar1 and Xe1 produces fewer fragment peaks but no molecular ion.
Very little fragmentation occurs to the organometallic when using CH5

1 for proton-transfer reactions. The proton
transfer-LITD spectrum does, however, show an unexpected, nonprotonated iron tricarbonyl cation, presumably due to
desorption of a surface-activated species. (Int J Mass Spectrom 177 (1998) 83–89) © 1998 Elsevier Science B.V.
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1. Introduction

Iron pentacarbonyl has been the subject of a
variety of mass spectrometric studies. Ionization
and/or fragmentation has been achieved by collisions
with electrons for cation [1–4] or anion [5–7] forma-
tion, with chemical reagents for protonation [8,9] or
hydride formation [10], with low ionization energy
species (such as potassium) for anion formation [5],
and with thermally energized neutrals for unimolecu-

lar decomposition [11]. Nonfragmented cation species
have been dissociated following collisions with neu-
trals [12,13] or after acceleration into instrument
walls [14,15], as has the protonated product [8]. With
the eventual goal of describing the thermal surface
chemistry of iron pentacarbonyl, reported here are the
first post-ionized laser-induced thermal desorption
(LITD) mass spectra of a metal carbonyl. Soft-
ionization techniques are explored in this work so
future decomposition studies involving metal organics
on a variety of surfaces may be made by using
nonfragmented desorption products. Chemical ioniza-
tion of laser-desorbed neutrals has been demonstrated
by others in a Fourier transform mass spectrometer
[16].
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In this article, we present gas-phase and surface-
desorbed spectra of Fe(CO)5 obtained using Fourier
transform mass spectrometry (FTMS) and LITD-
FTMS. The basic principle of the LITD experiment is
that a localized area of surface is heated so quickly
that the predominant reaction of the adsorbed species
is determined more by the entropy than by the
enthalpy of activation; thus, at high temperatures,
desorption often becomes favored over various ther-
mal decomposition pathways. Ionization of gas-phase
molecules and LITD neutrals is accomplished by
electron ionization (EI) and by chemical ionization
(CI) methods—charge exchange reactions occur fol-
lowing collisions of Fe(CO)5 with argon or xenon
ions and proton transfer reactions occur following
collisions of Fe(CO)5 with CH5

1.

2. Experimental

Iron pentacarbonyl (Aldrich Chemical Co., Mil-
waukee, WI) was transferred under nitrogen to a
foil-wrapped glass bulb and sealed from air by one
viton O-ring (when closed) or two buna O-rings
(when connected). This was attached to a stainless
steel, diffusion-pumped foreline (base-pressure,
5 3 1025 Torr) with a viton ultra-Torr fitting. Freeze–
pump–thaw cycles were performed as needed using a
dry-ice/acetone bath and the vapors sealed entirely in
stainless steel showed no significant degradation
when held overnight. After several foreline evacua-
tions, the attached convectron gauges were rendered
useless and were replaced with an ion gauge and an
isolable convectron gauge.

The ultrahigh vacuum system (UHV, base-pres-
sure , 2 3 10210 Torr), the 1064 nanometer Nd:
YAG laser, and the FTMS cubic ion analyzer cell
have been described elsewhere [17]. A solenoid
pulsed valve (General Valve Corp., Fairfield, NJ),
located just outside the main field of the electromag-
net used for FTMS, has been attached with a mini-
conflat flange to a 1/4 in. stainless steel tube that was
welded through a vacuum flange and bent directly
towards the analyzer cell. In these experiments, the
valve is typically backed by 1 Torr of reagent gas, and

opening of the 0.8 mm orifice for 3.5 ms produces a
large pressure surge (@1026 Torr) in the cell that is
then pumped to below 33 1028 Torr within 2 s when
using argon (sample and cooling arm at room temper-
ature). Ions are formed near the start of this event by
electron ionization and remain trapped within the
analyzer cell by the magnetic field and by trapping
plate voltages. Chemical ionization occurs as these
ions are allowed to react with background gases or
with laser-desorbed neutrals. Methane was purchased
from Matheson Gas Products, Newark, CA at 99.99%
purity and research grade argon was purchased from
Spectra Gases, Inc., Vista, CA. Palladium single
crystals were purchased from Princeton Scientific
Corp., Princeton, NJ (Fig. 5–7) and from Aremco
Products, Inc., Ossining, NY (Fig. 8). Both were
polished with 0.05mm alumina, were within 3 deg of
the 111 face, and were freed of sulfur contamination
by repeated sputter/anneal cycles. Temperature ramps
to 850 K in ca. 1026 Torr of oxygen were used to
remove residual surface carbon. Surface exposures
and LITD experiments were conducted at tempera-
tures below 100 K. The reported exposures and
backfill pressures are not corrected for ion gauge
sensitivity or variable CO partial pressures. Unless
otherwise noted, Fourier transform spectra were ob-
tained using a 1/2 Hanning apodization function, 64 K
data points, 2 MHz analog-to-digital converter (ADC)
rate, with a magnetic field strength of 0.6 Tesla.

3. Results and discussion

The fragmentation pattern of Fe(CO)5 following
electron bombardment has been reported [1–4] and
Fig. 1 shows a typical spectrum obtained with our
FTMS at electron energies of 70 eV. Unfortunately,
literature has been sparse in reporting CO concentra-
tions, and a criterion for “clean” Fe(CO)5 is difficult
to establish. At 70 eV, Zaera [18] reported a CO1/
Fe(CO)5

1 signal ratio of 280. Foster and Beauchamp
[9] observed ion/molecule reactions in 23 1026 Torr
of Fe(CO)5 by monitoring ion abundances versus time
following a 6 ms, 70 eV electron beam pulse. Extrap-
olation to “0”ms reaction time shows a CO1/Fe1 ratio
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to be, approximately, 1.2. In an effort to make
reproducible exposures, Henderson et al. [19] de-
scribe an oxygen pretreatment to the foreline and
doser assembly to reduce decomposition reactions
occurring on the doser walls and possibly on other
UHV wall sites. They obtain a CO1/Fe1 ratio of
about 1.5, at undisclosed electron energies (from Fig.
5 of [19], at middose). At 30 eV, Foffani et al.’s data
[2] showed a CO1/Fe1 ratio of about 0.16 and
attributed some of that CO intensity to the direct
ionization of free CO since the appearance energy for
CO1 was the same as the CO ionization energy.
Finally, at 21.2 eV (584 Å), Distefano reports a ratio
of 0.047, attributing all intensity to free CO formed by
decomposition in the inlet or from sample impurity
[20]. Clearly, ionization energies play a significant
role in CO1 observation and production, especially
considering the attenuated iron signal at low energies
due to reduced fragmentation.

Significant, however, is the quantity and variance
of CO seen under ultrahigh vacuum conditions. An
oxygen pretreatment to the chamber of 53 1028 Torr
for 5 min is helpful in minimizing CO levels, although
the CO1 intensity still grows in with time, as might be
expected if the deposited film or species allows for
autocatalysis [19,21,22]. The relative CO concentra-

tion shown in Fig. 1 can further be reduced by
increasing the pressure. This also suggests a limited
number of UHV sites active in Fe(CO)5 decomposi-
tion. These factors should be considered when con-
ducting surface exposures or making conclusions
about the origins of surface-adsorbed CO. Other
spectral changes, distinct from above, are observed at
higher pressures (approaching 23 1027 Torr), in-
cluding a significant decrease in the Fe1/Fe(CO)1

ratio and a continued decrease in the CO1 concentra-
tion. This, however, is due to ion/molecule collisions
that occur during the 50 ms reaction time after
ionization and before detection, and not necessarily to
changes in gas-phase composition; in the analyzer
cell, CO1 can undergo charge-exchange reactions
with background Fe(CO)5 to produce significant
amounts of Fe(CO)1 and Fe(CO)2

1 [9].
Absolute signal intensities for gas phase EI spectra

can be increased to a finite extent by (1) increasing the
pressure, (2) increasing the temporal width of the
ionizing pulse, and (3) increasing the electron current
through the cell. At high ion densities, however,
space-charge effects create signal instability. For
LITD/EI experiments (at a given surface coverage and
laser power density), only option 3 offers a potential
to enhance signal intensities—until electron densities
reduce trapping efficiencies and high filament currents
warm cell plates, etc., causing an increase in back-
ground pressures. Although the absolute ion intensi-
ties are shown in all of the displayed spectra, a
comparison between intensities is not relevant due to
the experimental differences required to obtain them.

Because the ionization energies of Fe(CO)5, CO,
Ar, and Xe are 7.95, 14.01, 15.76, and 12.13 eV [23],
respectively, a charge exchange between the ionized
reagent gas and the metal carbonyl neutral may
deposit approximately 7.8 eV using argon or 4.2 eV
using xenon. Figure 2 shows iron pentacarbonyl’s
cracking pattern following charge exchange with Ar1.
All fragments are due to charge exchange and are not
remnants of the ionization event, as proved by the
following: the rf ejection voltages were increased
until all ions exceptm/z 40 were successfully ejected,
after which the remaining Ar1 ions were allowed to
react with the ambient background; subsequent ejec-

Fig. 1. Gas phase electron ionization Fourier transform mass
spectrum of Fe(CO)5 at 3.33 1029 Torr by using 8mA of 70 eV
electrons for 30 ms. Peaks labeled with an asterisk are considered
to be harmonic artifacts as determined by ion ejection experiments.
When the spectrum is expanded, an harmonic ofm/z 56 can be seen
nearm/z 28, appearing 0.05 u to the right of the larger CO1 peak.
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tion of Ar1 at progressively longer times showed all
peaks to grow in with reaction time. By precedent, a
whole series of clusters can be generated through
ion–molecule collisions [9] and the observed
Fe2(CO)4

1 and Fe2(CO)5
1 clusters atm/z 224 and

252 indicate the early stages of this process. When
xenon ions are used for charge exchange, as shown in
Fig. 3, the Fe(CO)2

1 and Fe(CO)3
1 ions initially

formed react with background neutrals of produce
primarily Fe2(CO)6

1 clusters through a single or
double decarbonylation. Excess reagent ions (Xe1)
were not ejected. Peaks labeled with an asterisk are

not considered to be real mass-to-charge ratio signals;
when a significant portion of the ion packet is formed
off of the center axis of the analyzer cell, the Fourier
transform may detect signals at integer harmonics of
the cyclotron frequency [24]. This, of course, makes
spectral analysis more difficult because multiply
charged ions or singly charged ions of masses at
fractional integers could be responsible for the ob-
served peaks. For example, signals that might be
misconstrued as “Xe41,” “Xe 31,” and “Xe21” were
observed at 1.53 1028 Torr of xenon, which suggest
the isotope peaks nearm/z 65 in Fig. 3 to be harmonic
artifacts rather than “Xe21” as Xe41 cannot be created
from 70 eV electrons under single interaction condi-
tions. Further, these peaks were not ejected from Fig.
3 by the multiple ejection sweeps employed through
this mass range. The peak atm/z 28 in Fig. 2 is
probably a harmonic ofm/z 56, although charge
transfer to free CO is energetically feasible.

Ionizing methane during the pulsed-valve event
quickly forms and traps a large concentration of CH5

1

and C2H5
1 ions within the analyzer cell, both of

which are capable of protonating Fe(CO)5. The proton
affinities of Fe(CO)5, C2H4, CO, and CH4 are 8.7, 7.0,
6.2, and 5.7 eV [25], respectively, and are used for
heat of reaction calculations. By using only CH5

1

reagent ions for organometallic protonation (DHrxn 5
23.0 eV), a small degree of decarbonylation occurs to
produce Fe(CO)4H

1 at m/z 169, asseen in Fig. 4.
Although C2H5

1 would certainly produce less frag-
mentation (DHrxn 5 21.7 eV), it is not useful for CO
protonation (DHrxn 5 10.8 eV) whereas CH5

1 is
capable of protonating any of the decarbonylated
neutrals, and CO as well (DHrxn 5 20.5 eV). Cur-
rently, the absence of a COH1 peak atm/z 29 is not
a direct measure of sample purity as the cross section
for CO protonation is probably less than that for iron
pentacarbonyl. Excess CH5

1 reagent ions were not
ejected for this spectrum.

The LITD spectrum of Fe(CO)5 on cold Pd(111)
using electron ionization is shown in Fig. 5. The lower
Fe1/Fe(CO)1 ratio observed might indicate that de-
sorbing molecules remain internally cold, as com-
pared to the room temperature spectrum in Fig. 1.
However, the relative loss of the parent ion and

Fig. 2. Gas phase charge exchange Fourier transform mass spec-
trum of Fe(CO)5 at 1.9 3 1028 Torr by using Ar1, 1600 ms
reaction time.

Fig. 3. Gas phase charge exchange Fourier transform mass spec-
trum of Fe(CO)5 at 6.23 1029 Torr by using Xe1, 11 s reaction
time.
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Fe(CO)4
1 indicate otherwise, assuming Fe(CO)5 to

be the only iron-containing, laser-desorption product.
Again, the need for a soft ionization technique arises.
The loss of Fe(CO)4

1 in the LITD spectrum might
also be due to the lack of any gas-phase Fe(CO)5

interactions with the hot rhenium EI filament to form
Fe(CO)4. Pignataro and Lossing [21] write that this
moiety is even more susceptible to catalytic decom-
position than is Fe(CO)5, and that poisoning of any
iron films ( . . . or UHV wall sites) with O2 or CS2

increases Fe(CO)4, Fe(CO)5, and the Fe(CO)4
1/

Fe(CO)5
1 ratio. The increased CO1 signal is most

probably due to background/surface accumulation

accrued during the dose, but may also include cata-
lytic activation from the Pd(111) surface at cold
temperatures. Such a notion has been proposed for
Fe(CO)5 on the 111 [26] and polycrystalline [27]
surfaces of platinum.

Using trapped Ar1 for charge exchange, the LITD
mass spectrum shown in Fig. 6 is practically identical
to the gas-phase spectrum (Fig. 2), excluding the high
mass, ion/molecule collision products discussed
above. The actual strategy for obtaining a large signal
intensity with about610% shot-to-shot stability is a
compromise between maximizing the reagent ion
density and reducing that density to discourage axial
escape of the products and spurious space-charge
effects. Admittedly, the chemical ionization experi-
ments are more difficult than electron ionization
experiments because successive scans are delayed by
2–5 s, making it difficult to relate tuning parameters
with their effect.

A generous, multilayer exposure observed by
LITD-FTMS using proton transfer from CH5

1 is
shown in Fig. 7, and is roughly estimated at 140
Langmuir. This includes an uncalibrated enhancement
of about 30 (for this experiment only, the sample was
placed directly in front of the doser tube) and division
by 4.2 to correct for ion gauge sensitivities [28,29]. A
protonated, singly decarbonylated product appears at
m/z 169, and issuspected to arise from the proto-
nated parent since it is also present in gas-phase

Fig. 4. Gas phase proton transfer Fourier transform mass spectrum
of Fe(CO)5 at 4.43 1029 Torr by using CH5

1, 1000 ms reaction
time.

Fig. 5. LITD electron ionization Fourier transform mass spectrum
(32 K data points) of Fe(CO)5 using 20mA of 70 eV electrons; 15
L (uncorrected) on palladium at,100 K.

Fig. 6. LITD charge exchange Fourier transform mass spectrum of
Fe(CO)5 using Ar1; 40 L (uncorrected) on palladium at,100 K.
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fragmentation (Fig. 4) at longer delays. Reagent ions
(CH5

1) have been ejected prior to excitation and
detection. The peaks near 86 and 100 are again
considered harmonic artifacts of the heavier peaks and
the peak atm/z 29 may be either COH1 or residual
C2H5

1 from incomplete ejection.
A significantly smaller exposure was made for

comparison. Although visible in Fig. 8, the fragment
at m/z 169 was not detectable at 5 ms or less,
following the laser pulse. This suggests that
Fe(CO)4H

1 formation is not due to the direct proto-
nation of Fe(CO)4 desorbing from the surface or
formed by laser induced fragmentation. Rather, this
suggests that Fe(CO)4H

1 formation is a rate-limited
dissociation process following protonation of
Fe(CO)5.

Surprisingly, Fig. 8 shows a dramatic peak atm/z
140 which is barely discernible in Fig. 7 and is
attributed to Fe(CO)3

1. It is not due to direct ion
desorption since no cations were detectable following
a laser shot with the electron beam turned off in any
of the EI or CI experiments. Low energy (12 eV)
collision induced dissociation experiments with argon
have shown that Fe(CO)5H

1 will fragment to produce
the whole range of protonated, decarbonylated prod-
ucts [8]. Therefore, a typical, thermally excited, CI
fragmentation process is expected to produce only
protonated products (i.e. atm/z 141), aswould a
proton transfer reaction to free Fe(CO)3. It may be

that the desorbing species (Fe(CO)5, Fe(CO)4, or
Fe(CO)3) were chemisorbed and leave the surface in
some electronically activated state which allows for
radical dissociation following CH5

1 collision. Disso-
ciation products might include neutral CO, Hz, COHz,
or even adduct species (C3O2H5

z?). Alternatively, a
charge transfer from CH5

1 might produce CH3
z and

H2. Due to the uniqueness of the Fe(CO)3
1 fragment,

a charge transfer from either CH4
1 [I(CH4) 5 12.6

eV) or CH3
1 (I(CH3

z) 5 9.83 eV] [23] to ground-state
Fe(CO)5 is not suspected, depositing roughly 4.6 or
1.9 eV, respectively. This is because the loss of three
carbonyls from Fe(CO)5

1 requires less than 3 eV and
the first decarbonylation requires less than 1.2 eV
[12,20,30]. Them/z 140 peak was equally prominent
from both solid samples at similar exposures.

Proton transfer coupled with LITD-FTMS may
show an interesting surface phenomenon that electron
ionization and charge exchange do not. If correct, this
could be an exciting probe that immediately describes
which molecules are resting in an activated precursor
state. Factors that change this distribution would lend
insight into the nature of surface activity. Two mech-
anisms involving anactivated iron carbonyl moiety
have been proposed to explain the Fe(CO)3

1 signal
observed during the LITD proton transfer experi-
ments: the CH5

1 reagent ion (1) accepts an electron
instead of acting as a protonating agent, or (2) donates
a proton or forms an adduct, after which the product

Fig. 7. LITD proton transfer Fourier transform mass spectrum of
Fe(CO)5 using CH5

1; large exposure at,100 K.
Fig. 8. LITD proton transfer Fourier transform mass spectrum of
Fe(CO)5 using CH5

1; 40 L (uncorrected) exposure at,90 K.
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dissociates a lone hydrogen or hydrogen-containing
radical. Further, because only a small amount of
Fe(CO)3

1 was generated from the condensed phase
spectrum (Fig. 7), the activation is suspected to be a
surface phenomena and not a thermal- or photon-
induced electronic excitation.

4. Conclusion

Several techniques for ionizing iron pentacarbonyl
have been explored in a Fourier transform mass
spectrometer. Unlike EI, charge exchange produced
no parent ion; Ar1 produces mostly Fe1 and
Fe(CO)1, while Xe1 generates Fe(CO)2

1 and
Fe(CO)3

1. Proton transfer using CH5
1 produces pri-

marily Fe(CO)5H
1 with some Fe(CO)4H

1. Back-
ground carbon monoxide levels can be reduced by an
oxygen pretreatment to the chamber and by increasing
the pressure relative to the pumping speed. Ion/
molecule reactions were found to occur in the 1028

Torr regime under conditions of high ion densities and
moderate reaction times ($50 ms) and in the 1029

Torr regime at longer reaction times ($1000 ms).
Chemical ionization methods were also incorporated
into the LITD experiment. It does appear that EI is
better suited to detect low (submonolayer) coverages,
although efforts to improve CI detection limits (such
as increasing reagent ion densities or increasing laser
spot-size) may prove successful. Proton transfer, how-
ever, does produce significantly less fragmentation,
even in LITD, and could therefore be useful in
identifying the nascent laser-desorbed species for
compounds, such as organometallics, which typically
give very weak molecular ion signals under EI.
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