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ABSTRACT: Ion/ion reactions have in recent years seen widespread
use in ion activation methods such as electron transfer dissociation
(ETD) tandem mass spectrometry (MS/MS) as well as in charge
manipulation of highly charged peptides/proteins and their fragments
by proton transfer reaction (PTR). These techniques have, in
combination, enabled top-down proteomics on limited-resolution
benchtop mass spectrometry platforms such as quadrupole ion traps.
Anions generated by chemical ionization of ﬂuoranthene are often
used for both ETD and PTR reactions; the radical anion of
ﬂuoranthene (m/z 202) for ETD and the closed-shell anion resulting
from H atom attachment to the radical anion (m/z 203) for PTR.
Here we use infrared ion spectroscopy in combination with density
functional theory calculations to identify the structures of these
reagent anions. We establish that the m/z 203 PTR reagent anion
possesses a structure that deviates from what has been suggested previously and provides some insight into the reaction
mechanism involved in PTR.

P

in favor of small neutral losses for peptides with high chargestates. However, a remaining and signiﬁcant challenge
implementing (ETD-based) top-down proteomics on costeﬀective instruments with relatively low mass resolution, such
as quadrupole ion trap mass spectrometers, has been related to
resolving the high-charge states of whole proteins or large
peptides (and their fragments). PTR MS/MS allows for the
reduction of charge by abstraction of a proton by a second
reagent anion. This reagent anion can be a closed shell anion of
ﬂuoranthene (m/z 203) resulting from the addition of a
hydrogen atom to the ﬂuoranthene radical anion (m/z 202).11

eptide fragmentation techniques employing gas phase ion/
ion reactions have emerged as promising tools in the vast
array of ion activation methods. Particularly, electron transfer
dissociation (ETD) tandem mass spectrometry (MS/MS) has
emerged as a method of choice, enabling both top-down
proteomics and the characterization of post-translational
modiﬁcations.1−5 Furthermore, signiﬁcant attention has been
paid to the use of ion/ion reactions in MS as a means of
manipulating the charge state of peptide ions and fragments by
proton transfer reaction (PTR).6−9 Both ETD and PTR rely on
an ion/ion reaction between a reagent anion species and a
multiply charged cation, thus being conveniently and eﬃciently
accomplished in quadrupole ion traps due to their ability to
simultaneously trap ions of opposite polarities.10
In ETD, the reagent anion, often the radical anion of
ﬂuoranthene (m/z 202) reacts with a multiply protonated
peptide/protein in an electron transfer reaction.

[M + nH]n + + C16H11−
→ [M + (n − 1)H](n − 1) + + C16H12

A reduction in charge raises the mass/charge (m/z) value,
increasing the spacing between isotopic peaks and allowing
identiﬁcation of the molecular mass and charge. As well, the
PTR reaction can be exploited to concentrate protein cations
that are spread out over multiple charge states into fewer charge
states and thus increase the usable signal intensity. PTR MS/
MS can also be used to purify coisolated ions that
coincidentally have the same m/z values while having diﬀerent

[M + nH]n + + C16H10−• → [M + nH](n − 1) +• + C16H10

The energy released in this charge recombination causes
extensive backbone fragmentation, giving most often c- and ztype sequence ions. A signiﬁcant advantage in the use of ETD
versus collisional activation methods (CAD), is that it
continues to generate signiﬁcant backbone fragmentation
even for large and highly charged peptides and proteins,
making it a valuable tool for top-down proteomics. This is in
contrast to CAD, which tends to provide fewer sequence ions
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mass and charge.12,13 By reducing the charge of the coisolated
ions in a PTR reaction, new m/z values will result that are
unique and one of the ions can then be isolated in an additional
step.
Fluoranthene has emerged as one of the most widely used
reagent anions for both ETD and PTR MS/MS.14 These
reagents are easily generated in a conventional negativechemical ionization- (nCI-) source by electron attachment for
ETD or electron and hydrogen atom attachment for PTR.
Here, we use infrared ion spectroscopy and density functional
theory (DFT) calculations to assign the structures and
vibrational spectra of these two reagent anions and contrast
this to a previously proposed structure, providing some insight
into the mechanism of the PTR reaction. The numbering
presented in Scheme 1 will be used for the ﬂuoranthene ring
structure throughout the text.15
Scheme 1. Fluoranthene Structure and Numbering Scheme

Figure 1. Measured infrared spectrum (black) of the m/z 202 ETD
reagent radical anion is shown in the top panel and is compared to the
assigned calculated infrared spectrum (blue) of the inlayed structure.
The experimental spectrum (black) of the m/z 203 PTR reagent anion
in the bottom panel is compared to the calculated IR spectrum (blue).
This spectrum is predicted for the inlayed structure with the additional
hydrogen in position 1. Calculations have been performed at the
UB3LYP/6-31++G(d,p) level and vibrational frequencies are scaled by
0.96.

■

RESULTS AND DISCUSSION
Previously, it has been shown that the nCI ionization chamber
voltages used to generate ﬂuoranthene anions can favor either
the radical anion (m/z 202, C16H10−•) used for electron
transfer reactions or the closed shell H− adduct anion (m/z
203, C16H11−) used for proton abstraction.11 Additionally,
deprotonated ﬂuoranthene (m/z 201, C16H9−) is generated by
hydrogen atom abstraction from the radical anion, although this
is only a minor product from the nCI-source and will not be
discussed here. The m/z 203 ion has been proposed to form via
radical−radical coupling between the m/z 202 radical anion and
a hydrogen atom which could be followed by a ring opening
reaction giving an aryl-substituted naphthyl anion.11
IRMPD Spectroscopy. The infrared spectrum in the
vibrational ﬁngerprint region of both the m/z 202 and 203
ﬂuoranthene anions are shown in Figure 1. Infrared multiple
photon dissociation of both anions of ﬂuoranthene produce the
m/z 201 anion, deprotonated ﬂuoranthene, by loss of neutral
H• or H2, respectively. Deprotonated ﬂuoranthene rapidly
forms an ion at m/z 219, corresponding to its adduct with
water ([M − H+]− + H2O). This adduct is the product channel
monitored for the determination of the dissociation yield.
The top panel of Figure 1 presents a comparison of the
experimental IR spectrum of the ﬂuoranthene radical anion (m/
z 202, black) and the theoretically predicted spectrum (shaded
blue). Aside from an underestimation of the lowest-intensity
bands possibly due to the dissociation threshold of the ions not
being reached and the nonlinearity of the IRMPD process,16
excellent agreement between experiment and theory is
demonstrated.
The bottom panel of Figure 1 presents an analogous
comparison between experiment and theory for the PTR
reagent anion (m/z 203). Despite the structural similarity

between these two ions, comparison of the two experimental IR
spectra shows a clear distinction. The very good match between
the experimental (black) and the assigned calculated spectrum
(shaded blue) provides strong indication that the extra H atom
in the m/z 203 ion attaches to the C1 carbon atom (see next
section for further discussion). In addition to identifying the
structures of these reagent anions, these spectra demonstrate
the potential to measure infrared spectra of ions generated in
the nCI-source.
Alternative PTR Reagent Anion Structures. In addition
to the above proposed m/z 203 structure, Figure 2 presents
three possible alternative structures for the PTR reagent anion;
furthermore, all possible positions of the additional hydrogen
atom on the unrearranged ﬂuoranthene anion were explored.
Panel A compares the experimental spectrum to the structure
assigned in Figure 1, while panel B presents the calculated
spectrum for the structure previously proposed.11 In contrast to
the excellent agreement with the closed ring structure in panel
A, the ring opened aryl-substituted naphthyl anion spectrum is
in clear mismatch with the experimentally measured spectrum.
Additionally, the ring-opened structure is more than 150 kJ
mol−1 higher in energy. This diﬀerence in energy may be
attributed to the lack of charge delocalization in the ring
opened structure,17 while the structure with the extra hydrogen
atom in position 1 can eﬀectively delocalize the charge
throughout the structure. In panel C, the lowest energy
calculated structure is shown, where the extra hydrogen atom is
in position 3. This structure is calculated to be 10.3 kJ mol−1
more stable than the assigned structure; however, its match
with the experimental spectrum is clearly not as good. We do
not expect this structure to give a large contribution to the
overall ion population. Finally, panel D evaluates the calculated
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molecular hydrogen and neutral ﬂuoranthene are more stable
reaction products (0.0 kJ mol−1) than dihydroﬂuoranthene
species, for example, 1,2- dihydroﬂuoranthene (123 kJ mol−1)
or 1,3- dihydroﬂuoranthene (300 kJ mol−1).

■

EXPERIMENTAL AND COMPUTATIONAL
METHODS
Infrared Ion Spectroscopy. The IRMPD spectroscopy
experiment is based on a modiﬁed 3D quadrupole ion trap
(Bruker, AmaZon Speed ETD), described in detail elsewhere.11,18 A modiﬁed ring electrode having 3 mm holes in
its top-center and bottom-center is used to provide optical
access to the trapped ions. Fluoranthene anions were generated
in the nCI-source, and the species of interest was then
individually isolated in the trap and irradiated by the tunable
infrared radiation from the FELIX free electron laser (FEL).
Resonant absorption of infrared photons leads to an increase in
the internal energy aided by intramolecular vibrational
redistribution (IVR), ﬁnally leading to unimolecular dissociation. This produces an IR frequency-dependent fragment
intensity. The precursor and fragment ion intensities are related
by the fragmentation yield (yield = ΣI(fragment ions)/
ΣI(precursor + fragment ions)) and plotted as a function of
the laser wavelength to generate an infrared vibrational
spectrum. The yield at each IR point is obtained from 5
averaged mass spectra and is linearly corrected for laser power.
The FELIX free electron laser provides infrared radiation in 5−
10 μs long macropulses at a 5 Hz repetition rate with ∼20−60
mJ pulse energy and ∼0.4% bandwidth. The infrared laser
wavelength is calibrated with a grating spectrometer.
Computational Chemistry. Structures were each optimized at the UB3LYP/6-31++G(d,p) level followed by
vibrational analysis within the rigid-rotor harmonic oscillator
model in the Gaussian 09 suite of programs.19 Vibrational
frequencies have been scaled by 0.96 and convoluted using a
Gaussian line shape function with a full width at half-maximum
(fwhm) of 15 cm−1 to facilitate comparison with experiment.
Energies reported refer to calculated Gibbs free energies at 298
K.

■

Figure 2. Measured infrared spectrum of the m/z 203 PTR reagent
anion is shown in all panels in black: (A) comparison to the predicted
IR spectrum for the assigned structure (blue) with the additional
hydrogen atom in position 1. (B) Comparison to the predicted IR
spectrum (red) of the deprotonated phenylnaphthalene structure
previously proposed for this reagent anion.11 (C) Comparison to the
predicted IR spectrum (red) of the lowest energy calculated structure
with the extra H atom in position 3. (D) Comparison to a structure
analogous to the previously proposed structure in panel B, without
ring opening. Calculated relative free energies are inlayed. Calculations
have been performed at the UB3LYP/6-31++G(d,p) level, and
vibrational frequencies are scaled by 0.96.
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IR spectrum for the ring-closed equivalent of the structure in
panel B. While this structure is approximately 80 kJ mol−1 lower
in energy than its ring-opened analogue, it remains 85 kJ mol−1
higher in energy than structures with the additional H atom on
the peripheral sites (panels A and C).
The closed ring structure established here suggests that the
PTR reaction proceeds by combination with a proton
abstracted from the multiply charged peptide to produce, in
addition to the charge reduced peptide/protein, either neutral
dihydroﬂuoranthene or molecular hydrogen and neutral
ﬂuoranthene. Calculated relative free energies indicate that

■
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