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Abstract: We present the first photoelectron (PE) spectra of polypeptide polyanions. Combining PE
spectroscopy and mass spectrometry provides a direct measurement of the stability of the polyanions with
respect to electron detachment and of the repulsive energy between excess charges. The second electron
affinity of gramicidin was found to amount to 2.35 ( 0.15 eV, and the value of the repulsive Coulomb
barrier was estimated to be 0.5 ( 0.15 eV. The spectra are interpreted as resulting from a competition
between delayed and direct emission.

1. Introduction

While historically mass spectrometric and more recently
spectroscopic studies of peptides have mostly involved positive
ions, there is a growing analytical interest in acidic peptides
that result from post-translational modifications, i.e., phospho-
rylation, sulfation, or glycan-bearing sialic acid. These peptides
can benefit from examination in the negative mode.1 Novel
ion-electron,2 ion-ion,3 and photo4 fragmentation techniques
for polyanions have emerged. All of these techniques involve
radical species that are obtained after electron loss from the
precursor ion and fragmentation that is directed by the radical
position. Beyond the analytical interest, these experiments raise
a number of fundamental questions concerning the electronic
structures of the precursor ions and the electron-detachment
mechanisms. The possibility of undergoing electron loss after
excitation, in addition to unimolecular decay via ionic frag-
mentation, is certainly the most exotic property of polyanions.5,6

An important concept to have emerged is that of novel potential
energy surfaces describing the interaction of a single electron
with the anionic molecular host. This gives rise to Coulomb
barriers due to the strong repulsive energy between the negative

excess charges.7,8 Electron detachment can then occur through
electron tunneling from metastable ground or excited electronic
states.9 For a floppy system like a polypeptide, the large number
of degrees of freedom adds to the complexity. Charges are
present at remote locations, and the repulsive energy depends
on the conformation. Moreover, it has been shown in atomic
clusters10,11 that the combination of a high density of vibrational
states together with strong rovibronic couplings and a low
electron binding energy is particularly favorable for the develop-
ment of delayed electron emission. Therefore, because of their
low electron affinities, polypeptide polyanions are expected to
exhibit substantial delayed detachment after energy redistribution
induced by nonadiabatic couplings.

In this work, we present the first photoelectron (PE) spectra
recorded on polypeptide polyanions. Experiments were per-
formed on gramicidin, which is a biosynthetic product from
Bacillus breVis that derives its functionality from the formation
of a monovalent cation-selective channel in the lipid bilayer of
targeted cells.12 Gramicidin was chosen because of the presence
of four tryptophan residues, leading to strong UV absorption
and efficient electron emission. Recently, gas-phase infrared and
UV spectra were reported for this peptide.13,14 Combining PE
spectroscopy and mass spectrometry provides a direct measure-
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ment of the stability of the polyanions with respect to electron
detachment and of the repulsive energy between excess charges.

2. Experimental Section

Sample Preparation. Gramicidin from B. breVis was dissolved
at a concentration of 250 µM in 20/80 (v/v) H2O/MeOH + 0.1 M
KOH and directly electrosprayed. The gramicidin A variant
(HCO-ValGlyAlaLeuAlaValValValTrpLeuTrpLeuTrpLeuTrp-N-
HCH2CH2OH) was selected in the mass spectrum and used for all
of the experiments.

Photoelectron Spectroscopy. The experimental setup is de-
scribed in detail in ref 15. Briefly, ions were accumulated for 1/30

s in a hexapole ion trap. These ions were then mass-separated using
a reflectron time-of-flight (TOF) mass spectrometer. After mass
selection, the ions were impulsively decelerated and then entered
the detachment zone of a “magnetic bottle” type of TOF PE
spectrometer, where they interacted with the third, fourth, or fifth
harmonic of a pulsed Nd:YAG laser (with a pulse duration of 5-6
ns and typical fluences of 30, 15, and 1 mJ/cm2 at photon energies
of 3.49, 4.66, and 5.83 eV, respectively). The typical kinetic energy
resolution achieved in our spectrometer was ∆Ekin/Ekin < 5% at
Ekin ) 1 eV. The spectra were calibrated against the known
photoelectron spectrum of I-.

Electron Photodetachment Yield Measurements. The experi-
mental setup14,16 consisted of a quadrupole ion-trap mass spec-
trometer (ThermoFinnigan, San Jose, CA, with a mass range of 50
-2000 and mass resolution of 6500) coupled to an OPO laser
pumped by a 355 nm Nd:YAG laser (with a pulse width of 5 ns
and a 20 Hz repetition rate). Frequency doubling allowed scanning
in the 215-330 nm range. The ions were injected into the trap,
mass-selected, and then laser-irradiated inside the ion trap. Mass
spectra were systematically recorded as a function of the laser
wavelength. The photodetachment yield is equal to ln[(parent +
fragment)/parent]/(λPL), where λ is the laser wavelength and PL is
the laser power.

Solution Spectra. UV-vis spectra in solution were recorded
using an AvaSpec-2048 fiber-optic spectrometer, an AvaLight-DH-S
deuterium halogen light source, and a UV-vis cuvette by Avantes.

3. Results and Discussion

PE spectra of the doubly deprotonated dianion of the
gramicidin A variant ([M - 2H]2-) are shown in Figure 1.
When plotted in the electron binding energy (EBE) domain,
the spectra obtained at photon energies of 3.49 and 4.66 eV
show a broad peak at EBE ) 2.82 and 4.04 eV, respectively.
At a photon energy of 5.83 eV, a series of reproducible features
superimposed on a broad band is observed. Linear extrapolation
of the low-binding-energy slopes onto the binding energy axis
yields an estimated second electron affinity of 2.35 ( 0.15 eV.

First, we want to discuss the broad bands observed in Figure
1. As opposed to the tails at low binding energy, the positions
of these broad structures are not common in the three spectra.
They can hardly be connected to a given transition in the system.
The situation becomes clearer if the spectra are plotted versus
electron kinetic energy (EKE) instead of EBE (Figure 2). The
most striking consequence of this alternative plot is that the
broad features observed at photon energies of 3.49 and 4.66

eV now appear at roughly the same position in the two spectra,
independent of the photon energy. While this has not yet been
measured for polyanions, the shape of the bands with a
decreasing exponential tail on the high-EKE side and the
observation of the band at the same EKE for different photon
energies strongly suggest the observation of delayed emission.10

The cutoff in the low-EKE part of the spectrum is used to extract
the repulsive Coulomb barrier (RCB) value, which was found
to be 0.5 ( 0.15 eV. Using an ion trap coupled to a tunable
laser,16 we also recorded the total detachment yield as a function
of the laser wavelength between 210 and 330 nm. The
wavelength-dependent electron yield is found to coincide with
the absorption spectrum, which is consistent with resonant
photoexcitation (of the UV chromophore Trp) as the critical
step inducing electron loss (see Figure 3).17,18 Delayed emission
may occur after resonant photoexcitation either from a long-
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Figure 1. PE spectra of [M - 2H]2- at photon energies of 3.49, 4.66, and
5.83 eV (EBE ) hν - EKE). The arrows mark the estimated value of the
detachment energy. The gray dots are raw data points, and the solid line is
a five-point-averaged curve to guide the eye.

Figure 2. Kinetic energy spectra of [M - 2H]2- measured at photon
energies of (top to bottom) 3.49, 4.66, and 5.83 eV. The red vertical line
shows the value of the repulsive Coulomb barrier (RCB).
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lived excited state that couples to the ionization continuum via
electron-tunneling emission9 or after internal conversion leading
to emission from the ground state.10,11 In the latter case, energy
redistribution among a subset of the vibrational degrees of
freedom of the molecule would lead to a strong local increase
in temperature followed by the electron detachment.

At 5.83 eV (Figure 2, bottom panel), the shape of the broad
band and the features superimposed upon it show that delayed
emission is not the only mechanism responsible for electron
emission. At such a high photon energy, a dense manifold of
excited states of the monoanion becomes accessible (corre-
sponding to remaining π-π* excitations), increasing the direct
detachment cross section. A very similar mixed spectrum
composed of direct and delayed electrons has been observed in
the case of negatively charged carbon clusters.19 In this latter
case, the interpretation relies on the competition between direct
photodetachment and thermionic emission, which can be clearly
disentangled using time-resolved imaging spectrometry.

We now discuss the experimental EBE and RCB values that
have been deduced from Figures 1 and 2. Gramicidin A has
one acidic alcohol function at the C terminus. We can localize
one negative charge on this site. Potential sites for further

deprotonation are on nitrogen atoms of either the tryptophan
residues or the backbone amide functions. To discriminate
between these two possibilities, we recorded UV action spectra
of [M - 2H]2- and [M - 3H]3-. The main fragments observed
in the corresponding mass spectra after UV excitation are the
oxidized species [M - 2H]-• and [M - 3H]2-• resulting from
the loss of one electron. The electron detachment yields are
shown in Figure 4. A large band centered at λ ) 290 nm is
observed in both spectra. It is due to indole π-π* excitation.
The position of this band shows that the indole ring in
tryptophan is not deprotonated. Deprotonation of the indole
would have induced a bathochomic shift, as recently observed
for tyrosine-containing peptides18 and as predicted by time-
dependent density functional theory (TDDFT) calculations (see
the Figure 4 inset). Therefore, the second deprotonation must
occur on the backbone. To estimate the electron detachment
energies for the different sites theoretically, we calculated the
vertical detachment energy (VDE) and adiabatic detachment
energy (ADE) for each of two small molecular mimics:
CH3CONCH3 and ethanolamine NH2CH2CH2O (Table 1). The
geometries for the two molecules (anionic and neutral) were
optimized at the B3LYP/aug-cc-pvdz level of calculation.20 At
this level of theory, the calculated electron affinities of the
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Table 1. Vertical Detachment Energy (VDE) and Adiabatic Detachment Energy (ADE) of the Anionic CH3CONCH3 and Ethanolamine
Moleculesa

a Calculations were performed at the B3LYP/aug-cc-pvdz and MP2/aug-cc-pvdz levels of theory. All of the geometries were optimized at the B3LYP/
aug-cc-pvdz level. The MP2/aug-cc-pvdz energies were calculated using the B3LYP/aug-cc-pvdz-optimized geometries.

Figure 3. Electron photodetachment yield spectrum measured in the ion
trap (blue curve) compared to the total photoelectron yields for the isolated
[M - 2H]2- gramicidin ions obtained using the time-of-flight PE
spectrometer at 213, 266, and 355 nm (red circles). The black curve shows
the normalized absorption spectrum of gramicidin in solution.

Figure 4. Electron photodetachment yields measured as a function of the
laser wavelength for [M - 2H]2- (black squares) and [M - 3H]3- (red
circles). Inset: TDDFT-calculated absorption spectra for (a) tryptophan and
(b) tryptophan deprotonated on the nitrogen atom. The B3LYP functional
and aug-cc-pvdz basis set were used for the calculations (40 states were
included in each calculation).
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isolated deprotonated amide and ethanolamine functions are 2.48
and 1.90 eV, respectively. However, it is known that although
B3LYP optimizations generally give accurate geometries, this
method is not as reliable in ordering energies.21 For this reason,
we computed the energies using MP2/aug-cc-pvdz22 single-point
calculations on the B3LYP-optimized geometries. We obtained
ADE values of 2.67 and 2.11 eV, respectively, for the two
molecules, in good agreement with the B3LYP results. To
compare the calculated EBE values to the experimental detach-
ment energies, one has to take into account the influence on
the EBE of the second charge, which has two effects: it reduces
the EBE and leads to the formation of the RCB. While the RCB
and the Coulomb shift do not necessarily coincide, the two
effects have the same order of magnitude.6,7 The calculated
binding energy values should thus be compared to 2.85 eV (EBE
+ RCB). This favors the observations of electrons emitted
mainly from a deprotonated amide of the peptide backbone,
whose calculated ADE and VDE values bracket the experimental
value. The estimated RCB value (0.5 eV) corresponds to a
distance r between the two charges of ∼14.4 Å (using RCB )
e2/εr with ε ) 2). The distance between the first backbone
nitrogen and the C-terminus alcohol function obtained for the
R-helical gramicidin is 12.6 Å.23 This suggests that the structure

of [M - 2H]2- is more elongated in the gas phase than in
solution. A possible structure would be a helix with a partial
unfolding of the ends induced by the repulsion between the two
charges. Partial unfolding due to repulsion between multiple
charges has, for example, already been observed for multiply
deprotonated oligonucleotides.24

4. Conclusion

In this work, we have reported the first PE spectra measured
on gas-phase polypeptides. We have shown that delayed
emission is a competitive process to direct detachment in
polypeptides. The balance between these different processes
needs to be explored, and time-resolved experiments would help
us gain deeper insight into the electron-emission dynamics.
Binding and RCB energies have been determined. This gives
quantitative data for comparison with calculations on electron
loss and related processes and can provide crucial information
for the development of new methods for structural analysis of
negatively charged peptides. The RCB value measured here is
in agreement with a relatively extended structure. The measure-
ment of RCB, in particular for acidic peptides where deproto-
nation sites are well-localized, appears to be a novel and
promising technique for obtaining structural information on gas-
phase polypeptides.
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