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Electron-capture induced dissociation of protoporphyrin cations and anions has been studied.
The cations captured two electrons in two successive collisions and were converted to the
corresponding even-electron anions. About one fifth of the ions lost a hydrogen atom to
become radical anions but otherwise very little fragmentation was observed. The anions
captured an electron to become dianions. No hydrogen loss occurred, and the only fragmen-
tation channel observed was loss of CO,H, to give a doubly charged carbanion. Our results
indicate that protoporphyrin ions are very efficient in accommodating one or even two
electrons in the lowest unoccupied molecular orbital of the porphyrin macrocycle, and that

electron capture induces only limited dissociation.

(J Am Soc Mass Spectrom 2008, 19,
809-813) © 2008 American Society for Mass Spectrometry

ions has become a field of surpassing interest after

the pioneering work done by McLafferty and
Zubarev ten years ago. Most work has focused on pep-
tides and proteins [1-15], oligonucleotides [16], and re-
cently oligosaccharides [17] and lipids [18]. To study the
fragmentation channels, three experimental techniques
are commonly used in combination with mass spectrom-
etry: (1) electron capture dissociation (ECD), where ions
interact with low-energy electrons in an ion trap [1-7]; (2)
electron-transfer dissociation (ETD), where the electron
donor is an anion [8-12]; and (3) electron-capture induced
dissociation (ECID), where ions of high kinetic energy
(keV) capture an electron from a gas target—typically
sodium or cesium with low ionization energies [13-15]. In
contrast to ECD and ETD, ECID works well both for
cations and for anions, as has been demonstrated in
several papers [13-15, 19, 20], and even singly charged
cations can serve as subjects for investigation [21, 22].

To our knowledge there are no reports in the litera-
ture on electron capture by isolated porphyrin ions
despite the fact that these ions are ubiquitous in nature
and play many important roles in biochemistry. In this
work, we have therefore studied ECID of protoporphy-
rin IX (PP) ions (Scheme 1) that can be produced both as
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positive and negative ions with electrospray ionization
(ESI). Coordination of iron to PP gives heme, which is
found in the interior of hemoglobin and myoglobin
proteins where it acts as a binding center for dioxygen.
In our experiments, ions are accelerated to high ener-
gies and collided with cesium vapor. The collision
interaction time is a few femtoseconds, and it is there-
fore reasonable to assume a nearly vertical electron-
transfer process. Fragmentation is monitored on a time-
scale of a few microseconds, which is the flight time
from the collision cell to the analyzer.

Experimental

The experimental setup has been described in detail
elsewhere [23, 24]. Ions were produced by ESI. Protopor-
phyrin IX was dissolved in dichloromethane/methanol
(1:1) to produce cations and in methanol to produce
anions. The ions were accelerated to 50-keV translational
energy, and ions with the m/z of interest were selected by
a magnet. After collisions with cesium vapor, the product
ions were analyzed by an electrostatic analyzer that
scanned the kinetic energy of the ions. The spectra are
denoted mass-analyzed ion kinetic energy (MIKE) spectra.
Experiments were also performed with helium or neon as
collision gas to measure collision-induced dissociation
(CID) processes.

Computational Details

Calculations were performed with the GAUSSIAN 98
program package [25]. The [PP-H] ™ anion was geometry
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optimized at the PM3 level, and the lowest unoccupied
molecular orbital (LUMO) was calculated at the B3LYP/
6-31++G(d) level of theory. Energies of the monoanion
and the dianion in the same geometry as the monoanion
were calculated to determine the vertical electron affinity,
and the calculation also provided the singly occupied
molecular orbital (SOMO) of the dianion.

Results and Discussion

First we consider the fragmentation of positive ions.
The MIKE spectrum obtained for the collisions between
[PP+H]" cations (m/z 563) and helium is shown in
Figure 1A and resembles previously published frag-
mentation spectra of similar porphyrin ions [26]. The
dominant dissociation channel is loss of CH,COOH,
which is the lowest-energy channel according to work
by Charkin et al. [27, 28]. The other peaks are assigned
to the loss of one or more side chains: CH; (15), CH,CH
(27), COOH (45), CH,COOH (59), CH,CH,COOH (73)
(mass). A peak in the center of the spectrum is assigned
to the doubly charged [PP+H]*" ion formed after
electron detachment, likely due to collisions with resid-
ual dioxygen in the beam line [29]. The charge-reversal
spectrum, *CR™, obtained from collisions with cesium
(Figure 1B) reveals that the dominant ion is [PP+H]™
(m/z 563) formed by capture of two electrons. A narrow
scan with higher resolution in the region of the peak
shows that the peak has a tail toward lower mass
(Figure 2B). We assign this lower mass ion to an ion (1m/z
562) that has lost one hydrogen atom. A fit of the
composite peak to two Gaussians with maxima at 563
and 562 provides an estimate of the ratio of the m/z-562
peak to the m/z-563 peak of 1/5. To confirm the H loss
channel, we used CH;0D instead of CH;OH for elec-
trospray to produce deuterated [PP+H]" ions. The
maximum number of exchangeable protons is five (3 X
NH + 2 X COOH). The [PP+H]"—d, ion (m/z 567) was
selected by the magnet for collisions with cesium (the
beam contained some contamination by the isobaric
13C-[PP+H]"-d;), and the spectrum of the product
anions in the region of the parent mass is shown in
Figure 2C. Signal due to D loss is evident at 1/z 565, and
H loss is also seen. The fragment ions at lower mass
(Figure 1B) may be due to electron capture to the parent
ion but they may also arise from electron capture to CID
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fragments, that is, to neutral fragments that are formed
together with the positive fragments shown in Figure
1A. The formation of a positive fragment ion that
captures two electrons in two consecutive collisions is
less likely since it requires a total of three collisions. Still
the negatively charged fragments contribute less than
10% of the total signal from negative ions.

In another experiment, [PP-H]™ anions (m/z 561)
were collided with helium. The dominant CID chan-
nel was loss of CO, (Figure 3A) but other side-chain
losses were also seen, such as loss of CH; or CH,. This
spectrum is to be compared with the ECID spectrum
to identify new processes. Thus, when the ions col-
lided with cesium, two new peaks appeared (Figure
3B) that are tentatively assigned to the [PP-H]*~
dianion (m/z 280.5) and the dianion that has lost
CO,H (m/z 258). Since the parent ion is nearly sym-
metric, it is in theory also possible that it would break
apart to give a fragment ion with half the m/z of that
of the parent ion. The high stability of the macrocycle,
however, renders such a process rather unlikely. To
exclude it with certainty, we selected the parent ion
that contained one '°C (m/z 562) and found that the
peak moved up with 0.5 to m/z of 281 as expected for
a dianion (Figure 5). Symmetric breakages should
give equal abundance of fragment ions at m/z 280 and
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Figure 1. MIKE spectra obtained after collisions between
[PP+H]* and helium (A) and cesium (B). In the former case,
positive ions were measured and in the latter negative ions.
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m/z 281 and can be excluded. According to the
calibration, the dianion is intact (Figure 4), but it is
hard to conclude with certainty because of the width
of the peak (1.5 Thomson). However, it is easy to
check whether hydrogens on heteroatoms are lost
since these can again be exchanged with deuterium
by electrospraying from CH;OD instead of CH,OH.
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560 561 562 563 564 565 566

563 564 565 566 567 568 569
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Figure 2. Narrow scans in the region of the parent ion, [PP+H]"
(A) and the [PP+H] ™ ion formed after two collisions with cesium
(B). The peaks are described by Gaussians. (C) Narrow scan in the
region of the [PP+H] —d, ion formed after two collisions between
[PP+H]"—d, and cesium. Four of five exchangeable protons are
replaced with deuterons in the parent ion.
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Figure 3. MIKE spectra obtained after collisions between [PP-
H]™ and neon (A) and cesium (B). Negative ions are measured.

We therefore selected ions that had exchanged one,
two, and three hydrogens with deuteriums (maxi-
mum number is three, 2 X NH + COOH) and
recorded narrow scans in the region around the
dianion (Figure 5). It is evident that the peak does not
move, that is, it always appears at half the value of
the analyzer voltage to transmit the parent ion, and
hence we conclude that hydrogen from a heteroatom
is not lost. It is stressed that this is an opposite
finding to that of nucleotide anions that after electron
capture lost a hydrogen atom from one of the base
nitrogens [30]. We do not have the compound deute-
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Figure 4. Spectra in the region of the dianion when either

[PP-H]~ (m/z 561) or *C-[PP-H]~ (m/z 562) that contains one *C
were selected as parent ions.
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rium labeled at the carbons for a similar experiment
and therefore rely on calculations. These indicate that
the LUMO (lowest unoccupied molecular orbital) is a
7 orbital located on the porphyrin macrocycle, but it
is not antibonding between carbon and hydrogen
(Figure 6); the orbital is similar to the SOMO of the
dianion. Finally, we calculated the energies of differ-
ent C—H and N—H bonds of the porphyrin and
found that it requires more than 3.5 eV to cleave an
N—H bond and at least 0.8 eV more to cleave a C—H
bond. Taken together, we find it safe to conclude that
no hydrogen loss occurred after electron capture to
the [PP-H] ™ anion, which is in accordance with the
observation of the intact [PP+H]  anion from double
electron capture to the [PP+H]" cation in the previ-
ous experiment. The dianionic fragment likely results
from electron capture by the carboxylic acid group
instead of the porphyrin ring followed by loss of
COOH to give a carbanion. This competing channel
occurs with a probability of about 20%.

We have calculated the electron affinity of the neu-
tral porphyrin macrocycle to be 2.0 eV at the B3LYP/
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Figure 5. Spectra in the region of the dianion for different
degrees of deuterium in the parent ion. The m/z of the intact
dianion formed after electron capture corresponds to 0 on the axis.
The parent ion is (A) [PP-H] ", (B) [PP-H] d,, (C) [PP-H] -d,, and
(D) [PP-H] -d5.
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A,

Figure 6. (A) The LUMO of the [PP-H] ™ anion. (B) The SOMO of
the [PP-H]*~ dianion.

6-31G++(d,p)//6-31G+(d,p) level of theory, which is
in accordance with work by others [31]. However, the
Coulomb repulsion between the two excess charges
likely renders the dianion unbound. The vertical elec-
tron affinity of the anion was calculated to be —0.7 eV.
Since this value is negative, a strong basis set depen-
dence is expected, and the value should be taken with
some caution. Also, possibly the adiabatic electron
binding energy of the dianion is positive. If the dianion
is unstable to electron autodetachment to the contin-
uum, the electron is still trapped because of the repul-
sive Coulomb barrier, a phenomenon discussed in great
detail in earlier studies [32, 33]. One of the excess
charges is on the carboxylate group, and the other is
delocalized over the porphyrin macrocycle. For com-
parison, Goto et al. [34] have recently shown that photo-
excited porphyrin anions in a storage ring have a long
lifetime with respect to electron autodetachment (micro-
seconds to milliseconds), even when the photon energy is
larger than the electron binding energy of the anion, that
is, super-excited porphyrin anions were formed. It is
therefore reasonable to assume the dianions to be rather
long-lived even if electronically unbound.

Conclusions

Electron capture by protoporphyrin IX ions leads to
limited fragmentation only. In the case of double elec-
tron capture by cations hydrogen loss is observed,
whereas in the case of single electron capture by anions,
the only dissociation process corresponds to the loss of
CO,H.
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