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Abstract

Tetraphenyl iron(IIT) porphyrin chloride (FeTPPCI) cations are generated in the gas phase by electron impact ionization. The ionization is
accompanied by extensive fragmentation as well as formation of doubly and triply charged ions. The most prominent fragments are analyzed and
identified by fitting with calculated natural isotope patterns. Appearance energies of the most abundant singly and doubly charged product ions
are determined. For the singly charged parent ions FeTPPCI*, CuTPP* and the fragment ion FeTPP* we obtain a value of 9.7 £ 0.5 eV which is
about 3 eV higher than the value published for photo ionization of FeTPPCI. The appearance energy of the doubly charged ion FeTPP?* is obtained
to be 18 eV. The additional loss of one or two phenyl groups requires between 10 and 14 eV more for singly and doubly charged ions. Also, the
metastable decay of singly and doubly charged ions is investigated with the mass analyzed ion kinetic energy (MIKE) scan technique, performed
on a three sector field mass spectrometer (BEE-geometry). In the mass spectrum and the MIKE scans a strongly reduced stability of the porphyrin

ions is observed with increasing charge state.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Porphyrins, the “pigments of life” are perhaps the most
important and widespread class of natural pigments [1]. Nature
provides a variety of tetrapyrrolic pigments with a similar lig-
and core, but differing in the metal centre and the side groups
attached to the porphyrin rings. For instance, in heme (the pros-
thetic group in haemoglobin) the metal centre is an iron ion,
in the case of chlorophyll it is magnesium and in vitamin By,
it is cobalt [2,3]. Porphyrins are not only of prime importance
in a large variety of biological processes, but also in chemical
catalysis and as geological markers. Porphyrins are also used
for tumor localization (as biomarkers) and in photodynamic
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tumor treatments [4]. Identification of porphyrins present in bio-
systems or deposited in tissues is used to diagnose a number
of metabolic abnormalities [5]. Synthetic porphyrins have been
used extensively to investigate single electron transfer reactions
of natural biological processes [6] such as photosynthesis [7].
In addition, the identification and characterisation of porphyrins
that occur in fossil fuels (geoporphyrins) [8] is often desirable.
For example, geoporphyrins are used as biomarkers to estimate
the age of petroleum source rocks because their carbon skele-
tons are preserved through geological time [9,10]. With their
remarkable chromophore structures and molecular symmetry
metal porphyrins are also of considerable theoretical interest in
their own right to physicists and chemists [2]. The tetraphenyl
porphyrins are chemically robust and a group of easily prepared,
symmetrical porphyrins [11]. Therefore they are frequently used
as models for the more complex natural porphyrinoids.

Mass spectrometry has proven to be an important tool for the
analysis of porphyrins, especially the more volatile and robust
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Fig. 1. Structure of the tetraphenyl iron(III) porphyrin chloride (FeTPPCI)
molecule.

porphyrins [12]. Electron impact ionization mass spectra are
generally characterized by a singly charged molecular ion as the
base peak and relatively abundant singly and doubly charged
fragment ions. There is generally no cleavage of the macrocycle
nucleus. After ionization, the positive charge is localized essen-
tially in the extended 7 system of the macrocycle, and therefore
fragmentation occurs only by the degradation of substituents,
which are fixed by the rigid ring system. Moreover the relative
importance of even and odd electron systems (e.g., fragmen-
tation originating from singly and doubly charged precursors)
can be investigated under comparable experimental conditions.
In the present work however, a specific kind of porphyrins is
used, namely the tetraphenyl iron(III) porphyrin chloride (FeTP-
PCI). The core structure of this porphyrin is similar to the hemin
(a derivate of the heme), but the side chains are different (see
Fig. 1).

In this work we focus on the evaluation of the isotopi-
cally resolved mass spectra of singly, doubly and triply charged
tetraphenyl iron(III) porphyrin chloride. Additionally, we deter-
mine the appearance energies of the most abundant singly and
doubly charged fragment ions. Finally, we also investigate the
stability of the ions in a metastable time regime with a mass
analyzed ion kinetic energy (MIKE) scan technique.

2. Experimental

The experimental set-up and the data acquisition and analysis
procedures have been described in detail in previous publications
[13-15]. In brief, the apparatus consists of a high-resolution
double-focusing mass spectrometer of reversed Nier—Johnson
geometry in conjunction with a second electrostatic analyzer as
shown schematically in Fig. 2. The FeTPPCI powder is evap-
orated in an oven at 300 °C. The produced porphyrin vapor is
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Fig. 2. Schematic view of the experimental set-up.

ionized by a well-characterized electron beam (70 eV electron
energy, 1 eV electron energy spread and 300 pA electron cur-
rent) in the Nier-type ion source and the cations are extracted
from the collision chamber by a weak penetrating electric field
and accelerated towards the mass spectrometer by a potential
of 3kV. The ions pass through a first field-free region (ff1), are
momentum analyzed by the magnetic sector field (B), enter a
second field-free region (ff2), pass through the first electrostatic
analyzer (El), and enter a third field-free region (ff3). In one
mode of operation, a channeltron placed in ff3 detects all ions
that emerge from the exit slit of the first electrostatic analyzer.
In another mode of operation, the ions are allowed to traverse
ff3, enter a second electrostatic analyzer (E2), and are finally
detected by a channeltron at the exit of E2.

In the first mode of operation, mass analyzed ion kinetic
energy (MIKE) spectra of ions of mass m,, and charge z,, selected
by the magnetic sector field that undergo decay in ff2 into a spe-
cific final product ion of mass m¢ and charge zf (accompanied
by other neutral and/or charged reaction products) are obtained
by scanning the sector field voltage U of E1 and recording the
intensity of the myg, zr ions as a function U. If the parent ions are
transmitted by E1 at a sector field voltage U, the fragment ions
formed in ff2 are transmitted at a sector field voltage Ur which
is given by

me/z¢
mp/zp

Ur = U, (1)

In the second mode of operation, the decay of the ions is
analyzed in ff3 by tuning the magnet and the electrostatic sector
(E1) to transmit the stable parent ion. Subsequently, the sector
field voltage of E2 is scanned. The magnetic field B and the first
sector field E1 act as a double-focusing high-resolution mass
spectrometer. As before, Eq. (1) applies.

The average kinetic energy release (<KKER>) of a decay pro-
cess under study can be determined from the MIKE scan as
discussed in Ref. [15] to which we refer the reader for further
details. For unimolecular dissociations in ff3 the interference
of isotopes in the MIKE spectrum is strongly reduced because
the first two sectors (B, E1) serve as a high-resolution double-
focusing mass spectrometer. Thus the only interference results
from dehydrogenated ions that contain one '>C atom. According
to analysis of the peak patterns such a contribution is less than
1% for the singly charged ions investigated.
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For the measurement of the appearance energies of the inter-
esting ions the electron current is kept low, i.e., about 10 WA, to
assure single collision conditions during the ionization process
and to avoid space charge effects at low electron energies.

3. Results and discussion
3.1. Mass spectra

The mass spectrum (Fig. 3) shows three distinct groups of
ions: a high (m/z) group of singly charged ions, a medium m/z
group of doubly charged ions and a low m/z group of triply
charged ions. Singly charged fragment ions may also be present
in the low and medium regions, but in the medium m/z region
their relative abundance is very low. The production of small
singly charged fragment ions is very improbable because of
the unlikely break-up of the extremely stable macrocycle (the
porphyrin ring). We cannot confirm the recent report by Lay-
cock et al. [16] of scission of the porphyrin macrocycle in
5-nitro octaethylporphyrin. We observe no significant signal in
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Fig. 3. Mass spectrum of FeTPPCI recorded at an electron energy of 70eV.
The electron current is around 300 nA and the oven temperature is set to 573 K
resulting into an ion source pressure of 5 x 10~ Pa. The upper diagram (Fig. 3a)
shows the singly charged ions of the high m/z regime, in the middle (Fig. 3b),
the doubly charged regime is presented and the lowest panel (Fig. 3c) shows
the triply charged regime. In Fig. 3a and b the mass spectra, except for the high
intensity peaks, are plotted a second time multiplied by a factor of 10 and added
with a constant shift to see in more details the low-intensity peaks. The numbers
in Fig. 3a indicate the mean mass of the corresponding bunch of peaks.

the mass range of the macrocycle that has a m/z ratio of about
360 thomson.

Fig. 3a shows an isotopically resolved mass spectrum in
the high m/z region, recorded at electron energy of 70eV, an
oven temperature of 300 °C and a pressure in the ion source
of 5x107°Pa. The parent cation has a nominal m/z ratio
of 703 thomson. The most intense peak is found at m/z of
668 thomson and can be assigned to the dissociation of the par-
ention (C44HgN4FeCl) into Cl and C44HogN4Fet (FeTPP). The
intense peaks at m/z 590 and 512 thomson correspond to the loss
of one or two phenyl radicals and a hydrogen atom (perhaps two
benzene molecules).

The various isotopes of the constituent atoms of FeTPPCl
(C, C1, Fe, N) result in a complex peak pattern around the nom-
inal mass. The peak heights are in good agreement with the
calculated natural isotopic pattern. Towards lower masses small
deviations may arise from the loss of H atoms, i.e., for fragment
cations intramolecular protonation or attachment of hydrogen
atoms during the dissociative ionization reaction from the oppo-
site fragments may lead to an increase of the ion yield of the
peaks at higher masses. For a quantitative analysis of the struc-
ture and the composition of the peaks, a fitting procedure is
performed. The measured group of peaks is fitted with the cal-
culated isotope pattern for a certain mass to charge ratio. For
example, the nominal mass of the parent ion CqqHgN4FeCl*
is 703 and the corresponding isotopomers span the range from
701 to 707 thomson. A computer program fits the measured mass
distribution with a superposition of calculated isotopic patterns
that are shifted by some masses to the left and to the right,
assuming that loss or addition of H atoms does not change the
isotope patterns. This analysis is performed for the most abun-
dant peaks at nominal mass to charge ratios of 668 [(FeTPP)*],
590 [(FeTPP — P)*] and 512 thomson [(FeTPP — 2P)*] and the
corresponding doubly charged fragments at mass to charge ratios
of 334 [(FeTPP)>*], 295 [(FeTPP —P)>*] and 256 thomson
[(FeTPP — 2P)**]. Where —P and —2P indicate the number of
phenyl groups that are lost. The results can be seen in Fig. 4a.
In case of the most prominent peak at m/z ratio of 668 thomson
we conclude that more than 94% of the signal is originating
from the natural isotopic pattern of the FeTPP*. About 3% and
1.8% of the signal are resulting from the loss of 2 or 4 hydro-
gen atoms (or 1 or 2 hydrogen molecules), respectively. Other
decay channels such as the loss of an odd number of H atoms
play just a minor role. The left-hand side of Fig. 4a shows the
most prominent singly charged fragments and the corresponding
doubly charged ions are shown on the right-hand side. In com-
parison to the singly charged fragment ions the corresponding
doubly charged ions exhibit a peak pattern that is clearly shifted
to lower masses and this indicates additional loss of H atoms.
The detailed composition of the peaks is listed in Table 1. An
additional shift to lower masses is observed with the number of
the phenyl groups that are lost. It is also interesting to note that
in case of a phenyl loss the most abundant peak is never the ion
that is generated via a simple C—C¢Hs bond cleavage and the
loss of C¢Hs but that resulting from the additional loss of an H
atom. Apparently intact benzene molecules CqHg are detached
following an intramolecular rearrangement. The only exception
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Fig. 4. (a) Mass spectra of the most abundant singly (left-hand side) and doubly-charged (right-hand side) fragments (solid lines) fitted with calculated natural
isotopic patterns (hatched bars). Also given is the m/z ratio of the most abundant mass peak. (b) Mass spectrum of an impurity at 675 thomson (solid line) fitted with

a calculated natural isotopic pattern of the molecule tetraphenyl copper porphyrine CuTPP.

Table 1

Detailed composition of the peaks as shown in Fig. 4

Singly charged m/z abundance (%)

Doubly charged m/z abundance (%)

675 668 590 512 334 294 256
93.7 924 48.1 46.8 64.9 21.3 65.3
—H 3.5 3 2 6.4 12.6 4.4
—2H 0.7 32 27.8 4.1 9 24.1
—3H 0.2 1.9 34 7.5
—4H 1.8 14.4 5 27.7
—5H 1.5
—6H 1.6 7
+H 1.5 3.1 5.7 12.5
+2H 1 42.7 1.5 0.7 15.5
+3H 1.8 0.8 0.4 1.1
+4H 13




236 S. Feil et al. / International Journal of Mass Spectrometry 255-256 (2006) 232-238

is the loss of two CgHj units (probably combined into a bicyclic
structure) from the singly charged FeTPP which has almost the
same probability as the loss of two benzene molecules.

A series of peaks at m/z =675 thomson (Fig. 4b) has the nomi-
nal mass of C44HgN;FeCl (parent-N»). However, an analysis of
the isotope pattern and the presence of this peak also in the mass
spectrum of negative ions indicate that this ion is not a fragmen-
tation product but rather an impurity caused by C44H>3N4Cu
(CuTPP). This impurity also appears at the m/z ratio of 597
which indicates the loss of one phenyl group together with one
H atom (benzene). Moreover it is also visible in the doubly
charged regime (inset in Fig. 3b). A likely source for this impu-
rity is an exchange of iron with copper from the walls of the
oven in which the powder is evaporated. The size of this peak
strongly depends on the area of the copper containing parts of
the oven.

Dications are observed in the m/z range between about 250
and 350 thomson (Fig. 3b). Please note that the mass ranges
representing the doubly and triply charged regimes are chosen in
a way that the same ions in different charge states are lining up at
the same position relative to the x-axis. Although it is sometimes
difficult to unequivocally assign peaks to doubly charged ions
we are certain about our assignment since every second peak is at
a half integer mass to charge ratio. The most abundant dications
are the doubly charged fragments that correspond to the most
abundant singly charged fragment ions, i.e., FeTPP and FeTPP
minus one and two phenyl groups (FeTPP — P, FeTPP — 2P),
respectively. The detailed composition of the peaks can be seen
in Fig. 4a. The triply charged regime is presented in Fig. 3c.
The triply charged ions are easily identified because the peaks
are situated at a third of a mass unit. The inset of Fig. 3¢ shows
the section around the triply charged FeTPP. Above a mass to
charge ratio of 224 thomson only singly and doubly charged
ions are present. The relative abundance of the triply charged
ions is clearly dominating the mass spectrum between 195 and
224 thomson. The signal in this regime is too low for a further
analysis of the peak patterns. Between the FeTPP3* and the
(FeTPP — P)3* ion we observe a series of triply charged fragment
ions. However, there is no indication of the existence of the
(FeTPP — 2P)3*.

Our results are in good agreement with findings from other
groups working with laser photoionization (193 nm) on hemin
[17]. They also found that the fragment ion formed in the dis-
sociation process of the parent FeTPPCI into mass to charge
ratio 668 thomson (FeTPP — Cl)* and Cl is more abundant
than the parent. Furthermore, they also identified the losses of
phenyl rings+H (probably benzene) at m/z ratios of 590 and
512 thomson.

The peaks with even mass to charge ratios are in general
higher than the ones with odd ratios. Between the promi-
nent peaks at 668 thomson and 590 thomson one can observe
a more or less regular structure of peaks every 12—14 thomson.
This fragmentation pattern is associated with the loss of CH;
(0 <j <2) groups from the porphyrin ions. According to the
present investigation the origin of the low-intensity peak struc-
tures in between the main fragments in the mass spectrum cannot
be assigned unambiguously, i.e., fragmentation of the phenyl

1

]

c

2 01 —o— (FeTPP-2P-2H)"
s ] —o— (FeTPP-P-H)"
= —A— FeTPP’

& —7— CuTPP"

‘s —<— FeTPPCI’

E 0.01 4

o ]

b

T T T T T Y T ¥ T
5 10 15 20 25 30 35 40 45
Electron energy (eV)

Fig. 5. Normalized ion efficiency curves of the most abundant singly charged
fragment ions. The intersection of the curves with the x-axis is taken as the
corresponding threshold energy (vanishing current method). The energy axis has
been calibrated using argon as normalization standard, the presently determined
appearance energy curves are thought to be accurate to approximately 0.5 eV.
The electron current for these measurements is set to 10 wA to avoid artefacts
such as multiple collisions with electrons.

rings or a decomposition of the macrocycle. However, it is inter-
esting to note that the first series of peaks centred at 649 thomson
is 19 Da below the dominant FeTPP* ion. Moreover, the peak
pattern of the first two series is similar to the (FeTPP — P)* cation
whereas the two series of peaks at lower mass closely match the
FeTPP* peak pattern.

3.2. Appearance energies

Fig. 5 shows ion efficiency curves for the major singly
charged ions. The ion signal is measured as a function of the
electron energy. The electron current is set to 10 pA to avoid
artefacts such as multiple collisions with electrons. The thresh-
old is determined by using a vanishing current method, i.e., the
intersection of the measured curves with a line parallel to the
x-axis at an ion yield that is three orders of magnitude lower
than at 10 eV above the threshold. The accuracy of the presently
determined appearance energy values is approximately 0.5eV.
It has to be mentioned that within this uncertainty the presently
utilized method gives the same values as a more sophisticated
procedure of fitting a Wannier threshold law to the data. After
normalizing all the signals one can see that the appearance ener-
gies for the fragment FeTPP* with the mass to charge ratio
668 thomson, the parent CuTPP* (675 thomson), and the parent
FeTPPCI* (703 thomson) are all about the same, around 9.7 eV.
The present appearance energies are in general higher than the
appearance energies obtained by Dale et al. [17] (using laser
ionization techniques) or in comparison to photocurrent mea-
surements in nonpolar solvents by Nakato et al. [18]. Both deter-
mine the appearance energy to be between 6.3 and 6.5eV. The
discrepancy may result from the different projectiles, i.e., pho-
tons and electrons. Whereas electron impact ionization almost
exclusively gives the vertical ionization energy, photo ioniza-
tion more likely reaches the adiabatic values via autoionization
of a highly excited neutral intermediate state. It is interesting to
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Fig. 6. Normalized ion efficiency curves of the most abundant doubly charged
fragment ions. The intersection of the curves with the x-axis is taken as the corre-
sponding threshold energy (vanishing current method). The electron current for
these measurements is set to 10 wA to avoid artefacts such as multiple collisions
with electrons.

note that according to the NIST database the ionization energy
of the phenyl radical is 9.2eV which is in good agreement to
the presently determined ionization energies of the porphyrin
parent ions. The fragments (FeTPP — P)* and (FeTPP — 2P)*
both appear at approximately 20 eV. The dicationic parental ion
could not be measured because the signal was too low. For the
FeTPP?* (Fig. 6) we find an appearance energy of 18eV and
for the (FeTPP — P-H)?* and the (FeTPP — 2P)** we observe
an energy of 30 and 32 eV, respectively.

3.3. Metastable decays

In this work we also present results of an extensive study of
decay reactions of the most prominent singly and doubly charged
fragments. Decay reactions that take place in a metastable time
regime can be investigated with the help of the so called MIKE
scan technique [19]. With our modified three sector-field instru-
ment [20] we have the possibility to check three different time
windows in three different field-free regions. Fig. 7 shows MIKE
spectra for the main decay reactions for singly charged ions. The
upper panel shows the MIKE peak for the decay of the parent
ion (m/z=703) into the fragment ion with m/z =668 thomson at
a sector field voltage of 485.6 V. The narrow peak centred at the
sector field voltage of 511V is the corresponding parent peak.
Please note that the yield of the fragment peak is multiplied
by a factor of 100. The lower panel of Fig. 7 shows the MIKE
peaks of the most abundant singly charged fragment (m/z = 668).
The two MIKE peaks at sector field voltages 451.3 and 392.4 V
correspond to the loss of one benzene molecule and a benzene
molecule plus a phenyl group, respectively. The measurements
that are shown, are recorded in the third field-free region to
exclude interference with neighbouring isotopes of the ion under
investigation.

Although one can observe the doubly charged parent FeTP-
PCl ion in the mass spectrum, the signal is too low for record-
ing MIKE spectra. However, the signal is sufficient to observe
metastable decay reactions of the dicationic FeTPP. In Fig. 8
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to the second electrostatic sector field (E2) without a delayed fragmentation.
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position in ff3. The upper panel shows the metastable decay of the parent
ion FeTPPCI* — FeTPP* +Cl with a <KER> of 171 meV. The dotted line
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panel shows the metastable decay of FeTPP* — (FeTPP — P-H)* + neutrals and
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Fig. 8. MIKE spectra for the most abundant doubly charged fragment ions.
The metastable FeTPP** decays mainly into (FeTPP — P-H)?** + neutrals and
with much lower intensity into (FeTPP — 2P)>* + neutrals. The peaks that are
labelled with Arabic numbers correspond to the loss of low mass hydrocarbons
containing 1-3 carbon atoms.
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we present a MIKE spectrum of the FeTPP dication. Simi-
lar to the singly charged case, the ion with a mass of 668 Da
(m/z =334 thomson) decays into a doubly charged product ion
with m/z=295 (loss of benzene) and, in contrast to the singly
charged case, into a dication with m/z =257 (loss of two phenyl
rings). Note that for better visibility the fragment peaks are
multiplied by factors of 10> and 10, respectively. The peaks
labelled with the numbers 1-3 correspond to the loss of masses
15.2 Da (probably a mixture of CH3 and (H+ CH3s, H + CH»)
molecules), 27.3 Da (a mixture of CoH3 and CoHy4 molecules)
and 40.6 Da (a mixture of C3H4 and C3Hs molecules). The ratio
of the intensity of the MIKE peaks of corresponding fragment
and parent ions is a measure for the stability of the parent ion.
For the doubly charged ions this so called metastable fraction
is approximately 10 times higher compared to the correspond-
ing singly charged ion and indicates a strongly reduced stability
of the dications. Although a clear weakening of the porphyrin
with increasing charge state is observed both in the mass spec-
tra and the MIKE spectra no sign of a unimolecular charge
separation reaction [21,22] has been observed in the present
study.

From the shape of the MIKE peaks we have calculated
a mean kinetic energy release <KER> of 171 meV for the
decay of the parent ion FeTPPCI* into Cl+FeTPP*. For the
decay of the ion with m/z=668thomson into the fragment
with m/z=590thomson we deduce a <KER> of 185meV.
The (FeTPP — Cl)%* decays into m/z=295thomson via the
release of 209 meV kinetic energy (based on the assumption
that the parent splits into one charged and only one neutral
fragment).
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