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Abstract
My thesis work has concentrated on experiments on bare and microsolvated peptide ions in gas
phase and DNA oligonucleotides in solution phase with the aim to gain a fundamental
knowledge of electronic excitations and their associated deexcitation pathways. Gaining a better
understanding of these topics is of great importance for analytical chemistry. Fragmentation
after electron capture by peptide cations is a widely accepted method of obtaining information
on the amino acid sequence of proteins and circular dichroism spectroscopy may provide a fast
and easy way of gaining knowledge about the base composition and overall structure of
unknown DNA segments. Also, knowledge on the electronic properties of DNA impacts the use
of DNA as a nanowire.
For peptide dications I have been especially interested in the dynamics and dissociation
pathways. What happens to the system after an electron is captured? What are the possible
deexcitation mechanisms and how is the energy distributed throughout the system? Does
protons, hydrogens, or electrons move around? Information is obtained by detecting the charged
fragments by means of mass spectrometry.
The deposited energy is important for determining the possible outcomes of a chemical
reaction. This can be altered in different ways. i) By a change in the energy of the reaction, and
ii) by modifying the chemistry of the target system, and thereby changing the recombination
energy. Experimentally I have done this, by varying the electron source, ranging from free
electrons over weakly bound s-electrons in alkali metals to strongly bound electrons in noble
gases, and by changing the collision energy between the electrons and the target. The
Recombination energy can be tuned by microsolvating the peptide, by making noncovalently
bound supramolecular complexes and by covalently modifying the system.
Another important aspect is the three-dimensional structure what is the interplay
between geometry, e.g. folding and charge location, and electronic structure. This can be
changed by adding charge tags to the target system and by changing the degree of folding by
means of heating and supramolecular complexation.
For DNA oligonucleotides I have investigated the photoactive states with circular
dichroism spectroscopy. Some questions which arise when addressing the electronically excited
states in DNA are: What is the spatial extent of the excited state wavefunction? How does the
character of the excited state depend on the excitation wavelength? And how is the electronic
excitation affected by the overall geometry of the system? I have investigated the electronic

v

structure of a single base, the coupling between bases along a single strand and between two or
more strands.
An interextingly question is how the chemistry of a molecule that has captured an
electron differ from that of a molecule that is photoexcited if the active electron populate the
same orbital in the two cases. Both electron capture and UV photon excitation of protonated
amino acids result in H loss and NH3 loss. H loss results from an electron that populate a
hypervalent orbital of the ammonium group. Thus can the chemistry be defined only by the
photon excited electron?

Fig. 1. Is the chemistry the same of the two states?

vi

Outline of the thesis
I have chosen to write this thesis as two review chapters and a research summary. This is done
since most of my work is either published or very close to submission.

Chapter 1 is a summary of VUV/UV circular dichroism spectra of DNA. I have tried to give an
overview of all the circular dichroism data obtained of DNA segments, where the wavelength
region includes the vacuum ultraviolet (< 200 nm). I have highlighted both the physical
properties extracted from the spectra and the applications this may have for analytical chemistry.

Chapter 2 discusses the dissociation of peptide cations by electrons. I have collected
experimental and theoretical data which elucidate the mechanism behind fragmentation of
peptide cations after electron capture/transfer.

Chapter 3 is my research summary. It is a brief description of the experiments I have
participated in within my two major projects.

Appendix A is an instrumental section. I have described the three experimental setups I have
used. A circular dichroism station at the ultraviolet beamline 1 (Aarhus University), an
accelerator mass spectrometer (Aarhus University), and a Fourier Transform – Ion Cyclotron
Resonance (FT-ICR) mass spectrometer (University of California, Berkeley).

Appendix B is a list of abbreviations.

Appendix C is the papers I have (co-)authored, both those published and those in preparation,
collected after topic.
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Chapter 1
A Summary of VUV-UV Circular Dichroism Spectra of DNA
Circular dichroism (CD) spectroscopy is extensively used in the study of nucleic acids. It has
been found that the signal intensities in the vacuum ultraviolet region (VUV) are significantly
larger than those in the UV region, and VUV CD therefore provides even more detailed
information on folding motifs, base-base interactions and relative orientation of bases. The main
goal of this chapter is to sum up the experimental studies on DNA using CD spectroscopy
extending into the VUV region

1

1.1 Introduction
Circular Dichroism (CD) has been a valuable tool in chemical, biochemical and structural
biology for more than 40 years. Advanced experimental setups have made it possible to record
the CD spectra in the wavelength region 170–200 nm.1 However, the development of
synchrotron radiation (SR) sources has made vacuum ultraviolet (VUV)/UV CD easy accessible
and has greatly improved the signal to noise ratio of the spectra.2
The strength of including the VUV region has been described in a review by Johnson.3
Briefly, small molecules like sugars are transparent in the UV region, which makes any
investigation by conventional CD impossible. DNA segments ranging from nucleosides, single
strands to bigger hybrids like G-quadruplexes, have a signal in the UV region, but often the
largest bands are in the VUV4 and the underlying coupling depends on the excitation
wavelength. Many resources have been put into recording and understanding spectra of proteins
and a large data bank is built.5, 6 Much work has been done on DNA as well. The main goal of
this review is to sum up the experimental studies on DNA using CD spectroscopy extended into
the VUV region.
In this chapter I will first give a brief description of the different structures of DNA and
the associated electronic excitations. It turns out that it is straightforward to investigate base
stacking effects for single strands of adenine and thymine, so this will be described first,
together with their double and triple stranded hybrids. Long runs of cytosine bases can form
single strands at high and low pH values and these as well as the intermediate states are
described next. Guanine strands exist as single strands at high temperatures and at room
temperature if they contain a maximum of three bases; otherwise they form G-quadruplexes.
Even though it is hard to investigate the single strands of cytosine and guanine in the same
manner as adenine and thymine, they still form Watson-Crick (WC) base pairs, and double and
triple stranded complexes have been studied. The two last chapters will concern the question of
whether SRCD can be used to obtain the secondary structure of DNA, and spectra of native
DNA will be presented.

2

1.2

Structural motifs of DNA

DNA consists of two long polymers of simple nucleotide units, with a sugar phosphate
backbone. Attached to each sugar (deoxyribose (dR)) is one of the four nucleobases: adenine
(A), thymine (T), cytosine (C) and guanine (G). Double strands are bound together by Watson
Crick (WC) base pairing, between A and T and between C and G, Hoogsteen and reverse
Hoogsteen pairing (Fig. 1).
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Fig. 1. Watson‐Crick base pairing of adenine and thymine (a) and of guanine and cytosine (b). Hoogsteen
bonding of adenine and thymine (c) and reverse Hoogsteen bonding of adenine and thymine (d). dR =
deoxyribose.

Double stranded DNA can be divided into three primary families: A, B, and Z DNA (see
Fig. 2). The three differ in geometry and dimensions. A and B DNA are both right handed
helices whereas Z DNA is left handed. A DNA has a shorter more compact structure than B
DNA.
Several subunits exist in each family and one important one is B’-DNA also called A
tracts. These are long runs of d(An)d(Tn):d(Tn)d(An), (5’–3’):(3’–5’). A tracts are very important
since they dictate the translational and rotational positioning of DNA on nucleosomes. This is
due to the enhanced rigidity (10.0 ± 0.1 base pairs per turn combined with an axial rise of the
helix of 3.2 Å) compared to random DNA (10.5 base pair per turn and a helical rise of 3.4 Å).
The rigidity can be explained from the unusual structure of the base pairs where a cross strand
(CS) bond between adenine and thymine is introduced. There exist two different types of CS
bonds: between an adenine N-6 amine and the O-4 of the thymine (Fig. 3a) or between an
adenine C2 and a thymine O2 (Fig. 3b).

3

Fig. 2. The structure of A (left), B (middle), and Z DNA (right).7
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Fig. 3. Watson‐Crick (WC) and Cross Strand (CS) coupling between adenine and thymine, (a) N6‐O4
coupling and (b) C2‐O2 coupling.

DNA strands can also form triplex structures. Two types of structural variants of DNA
triplexes exist: parallel and antiparallel, depending on the orientation between the third strand
and the major groove of the starting DNA double helix. d(T:(A:T)), and d(C:(C:G)) form
parallel triplexes whereas d(A:(A:T)), d(G:(G:C)), and d(T:(A:T)) form antiparallel triplexes.
DNA strands containing sequences of d(Cn), can form parallel stranded homoduplexes in
acidic solutions.8 The basic unit is the base pair formed between two cytosine bases, where one
of them is protonated at N3. NMR studies suggest that two parallel duplexes bind with opposite
directions to form a four stranded complex; these tetramers are denoted i-motifs9 (Fig. 4). NMR
data also reveal that the DNA tetrads have a slow helical twist with about 16o between base
pairs belonging to the same duplex, that the helical rise is about 6.2 Å and that the inter-base
distance is 3.1 Å.9-13 At neutral pH values poly(dC) forms single stranded structures with
stacked bases and ordered backbones.14, 15
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Fig. 4. (left) Hemiprotonated cytosine base pair, and (right) schematic cytosine i‐motif.

Guanine-rich DNA strands can form G-quadruplex structures, either by intra- or
intermolecular complexation.16 These complexes are built from stacked G-quartets formed when
four guanines are hydrogen bonded in a planar motif around a central metal atom. G-quadruplex
structures are highly polymorphic and a variety of structures that differ in strand polarity, the
glycosidic torsion angle of the guanines, and in the topology of the loops formed by non-quartet
bases have been observed (see Fig. 5).16

Fig. 5 Different G‐quadruplex structures with strand direction indicated by red (up) or blue (down). The
number in parentheses is the number of individual strands in the complex.
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1.3

DNA photophysics

The electronic structure of nucleobases is of great importance in photobiology. The damage due
to irradiation depends strongly on the nature of the excited state after photo-absorption. One
protection mechanism is fast, non-radiative decay to the ground state that occurs for isolated
bases17 and another is delocalization of the excitation energy over several bases.18,

19

The

formation of charge transfer excimers limits the excitation energy to a single strand leaving the
other strand unharmed. Therefore, it is important to investigate the amount of electronic
delocalization in a single strand upon photon irradiation.20 The delocalization can probed by CD
spectroscopy.
CD spectroscopy relies on the molecule being chiral. In the case of DNA the
chromophores for the CD transitions are the four bases. The bases themselves have an intrinsic
CD signal induced by the asymmetric environment set up by the sugar. This is a secondary
effect, and is expected to be small. This has been verified by Sprecher and Johnson.21 They also
found that the identity of the sugar has little effect on the CD spectrum and that most of the CD
bands overlap with the absorption bands, and that they fit well with calculated ππ* transitions.
The effects of pH changes for adenosine (base + sugar), AMP (base + sugar + phosphate), and
AMP with the base locked into the N-type fyranose configuration have been investigated.22, 23 It
was found that changes in the pH had little effect on the absorption but greatly affected the CD
spectra and the conclusion was that most of the CD active bands are of the nπ* character in
contrast to ππ* states being strongest in absorption.
Another effect arises from the bases being incorporated into DNA and introducing a
base-base interaction. One remarkable thing about much of the studied DNA single and double
strands is that no new spectral features appear upon increasing the strand length; this means that
the underlying physics for a dimer is the same as that for a decamer.
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1.4

Theory

The simplest model to describe a signal for an arbitrary DNA strand is one consisting of a sum
of individual base signals. However, as already mentioned CD probes the electronic structure,
so the CD signal is presumed to consist of individual base signals and independent nearest
neighbor interactions. It is easy to see that if the single base signal is significant, the dimer
signal then resembles the monomer signal. For some strands the nearest neighbor signal may not
be enough to describe the physics and more terms are included, corresponding to the electronic
excitation being delocalized over three bases, four bases, etc. For strands with identical bases
the CD signal can be described as a sum over the number of possible interactions times their
interaction strength. This model is described by Eq 1 and shown schematically in Fig. 6 (for a
single strand of adenine).
n

S (A n ) = ∑ ai (n − i )

(1)

i=0

The maximum number of interacting bases is then the i corresponding to the last non-zero ai.

Fig. 6. Schematic drawing of a DNA strand containing only adenine bases. The nearest neighbour
interactions (a1) are in red, the next nearest interactions (a2) are in blue, and the next to next nearest
interactions (a3) are in green.

Since all interactions give rise to a CD signal, the significance of each can be measured
by varying the strand length and the peak intensities will reveal the number of couplings. For
example, a SRCD signal from a strand n bases long only consisting of individual base
contributions will be on the form an, whereas one having no base contribution but a dimer
contribution will be on the form a(n-1). Higher order terms and mixtures of the two may also
appear.
For double strands it is not just the base stacking but also the pairing of the two strands
which contributes to the signal. The signal corresponding to hybridization (the residual signal) is
found by recording the CD spectrum of the duplex and subtracting the CD spectra of the
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individual strands. The single strand spectra can be measured by using pure water as solvent,
since the strands with no counter ions will stay apart due to the large Coulomb repulsion
between the DNA backbone phosphates.

Fig. 7. The effect of addition of counter ions.

Principal component analysis (PCA) is a method to find basis spectra, φi, for a large
collection of spectra. By examining the contribution of each basis spectrum, ci, for a family of
samples (N samples), spectra which have a physical relevance can be identified (.e. the basis
spectrum for WC base pairing).
N

S = ∑ ciφi

(2)

i =1

For proteins a series of basis spectra have been recorded, which represent the α-helix,
β-sheets, random coils, and other secondary structures. By recording the spectrum of an
unknown protein the secondary structure can be found by resolving it into the basis spectra. The
possibility to be able to use this method for DNA is enormous since techniques such as NMR
and X-ray scattering are time consuming. Thus the question is: Can a CD spectrum be used to
determine the folding structure of DNA or does the sequence dominate the signal?

8

1.5 Circular Dichroism
CD can be explained both with basis in the field vectors or the intensity of the light. Before the
sample the light is linearly polarized, and it consists of an equal contribution of left and righthanded light (Fig. 8 left). Chiral molecules have a preferential absorption of either left or righthanded light and after transmission through the sample the contribution will no longer be equal.
Thus, the electric field vector of the light traces out an elliptical path after passing through the
sample and the ellipticity is the CD signal. A CD signal is the difference in absorption of left
and right-handed polarized light.
(3)

CD = AL − AR

A rotation of the axis of the ellipsoid occurs if the refraction indexes are different for RH and
LH light.

Fig. 8. Effect of an optically absorbing sample on incident linearly polarized light. All drawings show the
electric field vector viewed along the propagation direction. Points 1 through 5 correspond to equal time
intervals.
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1.6

Facilities

A technology that has significantly enhanced the applicability of CD is synchrotron radiation
(SR) light sources.24, 25 SRCD has several advantages over conventional CD. It is relatively easy
to record the spectra and the only preparation needed is the extraction or synthesis of the
molecules of interest. It has the ability to measure lower wavelength VUV spectra, and the
signal to noise ratio is greatly improved over that of conventional instruments. There are
currently six facilities worldwide where SRCD is implemented: Diamond, Daresbury, UK,
NLSL, Brookhaven, USA, HiSOR, Japan, BESSY2, Germany, BSRF, China, and ISA, Aarhus,
Denmark. I will show the CD spectrum for an arbitrary sample recorded at the ASTRID
synchrotron facility, even if it is not the first recorded spectrum for the molecule.
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1.7

Strands of Adenine

Single strands of adenine are good examples for demonstrating the strength of SRCD to
elucidate electronic coupling. Poly(dA) was first studied by Sutherland et al.26 and has two large
bands in the VUV region: a positive band at 190 nm and a negative one at 178 nm. The SRCD
signal for the monomer and the dimer of adenine is shown in the inset in Fig. 9. The signal for
the dimer is significantly larger and very different from that of the monomer so the signal
depends on the interactions between bases; it describes base stacking. By studying the signal as
a function of length the extent of the base stacking can be monitored. Single strands of adenine
have been shown to form single-helical structures of B-type DNA.27-30
Kadhane et al.20 have studied the CD signal for different strand lengths, and the spectra
are shown in Fig. 9. No new spectral features appear from an increase in strand length except

CD signal (mdeg nmol-1 cm2)

for a change in peak intensity. Thus only base stacking contributes to the signal.
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Fig. 9. SRCD spectra of d(An), n = 1 ‐ 10, 12, 14, 16, 18, 20, 25, 30*. The inset shows dA (wine curve and
multiplied by 50) and d(A2) (red curve).20 †

The peak intensities for the bands at 251 nm, 218 nm and 190 nm as a function of the
number of bases in the strand, n, are shown in Fig. 10. The signals for the 251 nm and 218 nm
bands increase linearly as a function of strand length, with a slope close to the signal intensity
for d(A2). This suggests that the excitation is only delocalized over two bases. However, for the
190-nm band the signal increases non-linearly for n ≤ 8 where after it becomes linear. To
explain the non-linearity the authors used the model described in the previous section (Eq 1),
assuming that ai falls off exponentially with distance. The fit can be seen in Fig. 10. It is clear
that this simple model accounts very nicely for the observed data. From the fitting parameters

†

The numbers have been divided by 10 compared to the published paper

11

one can derive the relative contributions of the interactions. The dimer coupling only contributes
with ~24 % of the overall SRCD signal. This example shows that the VUV region provides new
information on the physics of the electronic excitations in DNA, not possible to obtain with
conventional CD.
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Fig. 10. The SRCD signal of d(An) plotted against n. Excitation wavelengths are 251 nm, 218 nm and 190
nm. The red lines are linear fits, and the blue line is a fit to the data with the model described in the text.
The inset shows the plot for lower n values.20
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1.8

Strands of Thymine

The VUV CD spectra for poly(dT) were first recorded by Sutherland et al.26 and they resemble
those for smaller d(Tn) strands recorded by other groups.31 The spectra for thymine single
strands, d(Tn), n = 1, 2, 5, 10, 15, are shown in Fig. 11a. The monomer signal is very different
from that of the larger strands. Except for the 192-nm band none of the band positions match.
An increase in the strand length gives no new spectral features. The intensity for the 277 nm,
192 nm, and 182 nm bands are plotted as a function of strand length in Fig. 11b. All three
intensities depend linearly on the number of bases. For all three bands the best fit is to the line
a(n-1); thus only nearest neighbor interactions are present at all wavelengths.
6
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Fig. 11. (a) SRCD of d(Tn), the size of n is given by the label, for d(T) the signal is multiplied by ten. (b) The
signal at 277 nm, 192 nm, and 182 nm as a function of number of bases in the strand.20, 31
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1.9

Mixed Strands of both Adenine and Thymine

1.9.1

Single strands

For single strands with identical bases only the overall structure is important, whereas for
strands of say two bases the relative sequence may also be of importance. The spectra of d(AT)
and d(TA) are shown in Fig. 12. They look very similar in the UV region but in the VUV there
are clear differences. Not only are the nearest neighbor coupling but also the order of the bases
important for the CD signal. The importance of orientation is also observed for larger
sequences. Fig. 13 shows spectra of d(ATnA), n = 1–3. All three spectra can be fairly well
reproduced by a simple sum of the basis spectra d(AT), d(TA), d(Tn), and TMP. Other sum
spectra with either d(AT) or d(TA) alone fail to reproduce the observed spectra. A simple sum
seems to reproduce the spectra nicely in the UV region but there still seems to be difficulties in
the VUV. This indicates that the simple interpretation that only nearest neighbor interactions are

CD signal (mdeg nmol-1 cm2)

present for two mixed strands is not completely valid.
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Fig. 12. SRCD spectra of d(AT) and d(TA).31
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Fig. 13. SRCD spectra of d(ATnA) with n = 1 (a), n = 2 (b) and n = 3 (c) (red) and the calculated spectrum
based on the basis spectra d(AT), d(TA), d(Tn), and TMP (black). The calculated spectra are: (a)
d(AT)+d(TA)‐dTMP, (b) d(AT)+d(T2)+d(TA)‐2×dTMP, and (c) d(AT)+d(T3)+d(TA)‐2×dTMP.31

1.9.2 Double strands
Experiments on both single and double strands reveal the effect of hybridization. Two studies
were made on double stranded DNA containing only adenine and thymine bases; one by Gray et
al.32 on poly(AnTm), n = 1, 2 and m = 1, 2, sequences and one by Nielsen et al.33 on primarily
eighteen-mers.
The poly(AnTm), n = 1, 2 and m = 1, 2, spectra are shown in Fig. 14a. The complex of
poly(dA:dT) has a positive peak at 190 nm, which is the result of adenine base stacking. This
band is missing from the other spectra since thymine may reduce the electronic coupling
between the adenine bases. The spectra for both poly(dA:dT) and poly(d(AT):d(AT)) agree
nicely with a calculated spectrum for the B-DNA conformation,34 except for a missing negative
peak at 190 nm for poly(d(AT):d(AT)). If only WC interactions are present, poly(dA:dT) can be
calculated from the other three spectra. The two spectra calculated using Eq. 4 and 5 for poly
(d(AT):d(AT)) are shown in Fig. 14b.
(4)

S [ poly ( dA : dT )] = 3 S [ poly ( d ( AAT ) : d ( ATT )) ] − 2 S [ poly ( d ( AT ) : d ( AT )) ]

(5)

S [ poly(dA : dT )] = 2 S [ poly(d ( AATT ) : d ( AATT ))] − S [ poly(d ( AT ) : d ( AT ))]
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The calculated spectra differ significantly from the measured one, suggesting that the
assumption that only WC interactions are present is wrong. A factor which may be responsible
for the differences are the presence of CS coupling, which only is possible for
poly(d(AAT):d(ATT)) and poly(d(AATT):d(AATT)).
20
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0

-10

Eq 4
Eq 5
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0
-10

(b)
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Wavelength (nm)
Fig. 14. (a) CD spectra for poly(dA:dT) (red), poly(dAT:dAT) (cyan), poly(dAAT:dATT) (olive), and
poly(dAATT:dAATT) (blue). (b) CD spectra for poly(dA:dT) (red), the spectrum calculated by Eq 4 (black
dashed), and the spectrum calculated by Eq 5 (black dotted).32

To determine the importance of the CS coupling the effect of hybridization was
investigated for a series of twelve duplexes each containing eighteen bases (nine adenine bases
and nine thymine bases). The residual spectra, calculated as the difference between the double
strand signal and the two single strand signals, are shown in Fig. 15. From Fig. 15 it is clear that
there are differences between the individual residual spectra, especially between 210 nm and
255 nm. To further characterize the differences and similarities between the residual spectra a
PCA was carried out for these twelve spectra. The analysis revealed that three basis spectra are
needed to satisfactorily describe the data. The three basis spectra (φ1, φ2, and φ3) and their
relative contributions (c1, c2, and c3) are shown in Fig. 16. The coefficient, c1, for φ1 is constant,
the one, c2, for φ2 depends linearly on the number of CS linkages and is zero for eight CS
interactions, and the one for φ3, c3, scatters around zero as a function of number of cross strand
linkages. These findings indicate that φ1 describes the Watson-Crick (WC) base pairing plus
eight of the cross strand (CS) couplings and φ2 the number of CS couplings in the strand minus
eight. The effect of the WC coupling was checked by repeating the same experiments with
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different strand lengths and with the same number of CS couplings. Here the intensity depends
linearly on the number of bases in the strand and the assumption that the first basis spectrum
corresponds to the WC coupling plus a constant amount of CS couplings is verified. From the
basis spectra and their interpretations, the CD signal for a Watson-Crick base pair and a cross
strand hydrogen bond can be extracted, denoted S(WC) and S(CS), respectively. These are
shown in Fig. 17. Hence, based on a CD spectrum of a DNA duplex of A and T, both the
number of bases, N, and the number of cross strands, n, can be estimated.
15
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Fig. 15. Residual spectra obtained as the difference between the duplex spectra and the spectra of single
strands for strands containing 18 bases. The label shows one of the duplex strands (5’–3’) the other being
its complementary (3’–5’).33
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Fig. 16. (right) Principal component analysis of the residual spectra shown in Figure 14: The first three
basis spectra are shown, denoted φ1, φ2, and φ3. (left) The contribution of each of the basis spectra as a
function of n – 8. n is the number of CS H‐bonds (maximum 16). The dashed lines are fit to the
experimental data.33
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Fig. 17. Spectra of a Watson‐Crick base pair and a CS hydrogen bond.33
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1.9.3 Triple Strands
One study has been conducted on the adenine-thymine triplex. Fig. 18 shows the adopted
structure and Fig. 19 shows the spectrum of poly(dT:dA:dT) and the residual spectrum for
addition of the third strand. The residual signal has several strong bands, which might be used to
probe the specific binding of the third strand.
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Fig. 18. The binding in a dT:dA:dT triplex.
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Fig. 19. Spectra of the triplex poly(dT:dA:dT) and the effect of hybridization.26
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Cytosine
The SRCD spectra for d(Cn) strands have been recorded as a function of solution pH.35 The data
for d(Cn), n = 1-10, at pH 1 are presented in Fig. 20a. The UV CD spectra for poly(dC) have
previously been measured at neutral pH, and the positive peak at 288 nm and the negative peak
at 266 nm are signatures of hemi-protonated base pairing.36, 37 Since the spectra recorded at pH 1
are lacking the 266 nm band, the structure cannot be that of the hemi-protonated cytosine
complex and is more likely that of a single strand of protonated bases. This indicates that the
previous signature consisting of two bands for the hemi-protonated complex can be decoupled
into a signal for the protonated base at 288 nm and that arising from the inter-base Hoogsteen
pairing centered at 266 nm. No new spectral features arise for the pH 1 data upon increasing the
strand length. The scaled spectrum and the scaling coefficients are plotted in Fig. 20b and 20c.
The best fit is obtained by a straight line of the form an and the CD signal consists of a sum of
individual base signals and no stacking is present. This is probably due to the large Coulomb
repulsion between the protonated bases.
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Fig. 20. (a) SRCD spectra of d(Cn), n = 1–10, at pH 1, (b) The first basis spectrum, and (c) the scaling
coefficient and the solid line is a fit to an.35

SRCD spectra for d(Cn), n = 2 – 10 at pH 3 are shown in Fig. 21. There is a clear shift in
the spectral shape from n = 5 to n = 6 which indicates the onset for the i-motif. The n ≤ 5 spectra
can be scaled to match each other, and no electronic coupling is present since the scaling
coefficient depends linearly on the number of bases and no offset is present. Also the n ≥ 6
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spectra can be scaled to match each other and they resemble the spectrum of a self-folded hemiprotonated cytosine strand. A PCA reveals that two basis spectra (φ1 and φ2) are sufficient to
describe the data. The basis spectra and corresponding scaling coefficients are plotted in fig 21b
and 21c. The largest intensity spectrum is sufficient to describe the n ≥ 6 data, whereas the n ≤ 5
data need two spectra. The scaling factor for the i-motif (n ≥ 6) can be described with a straight
line of the form an. This indicates that an i-motif, with the individual units consisting of two
Hoogsteen bound cytosine bases, do not couple electronically. The signal arises from the basebase interaction within a Hoogsteen pair.
The spectra recorded at pH 9 are shown in Fig. 22a. They have a completely different
shape than the spectra at other pH values, and here both the 288 nm and 266 nm bands have
disappeared. The spectra above 200 nm resemble that of poly(dC) at neutral pH. The structure is
believed to be that of a stacked single strand.37 The scaling coefficient depends linearly on the
number of bases in the strand (see Fig. 22c), and the monomer and dimer signals are
dramatically different. Thus, neutral stacked cytosine bases do not couple electronically.
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Fig. 21. (a) SRCD spectra of d(Cn), n = 2–10, at pH 3, (b) basis spectra φ1 and φ2, and (c) the coefficients and
the fit for n ≤ 5 (dashed line) and n ≥ 6 (solid line) are fits to the function an.35
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Fig. 22. (a) SRCD spectra of d(Cn), n = 2–10, at pH 9. (b) The first basis spectrum. (c) The scaling coefficient
and the solid line is a fit to a(n‐1).35
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Guanine
For guanine four different quadruplex structures have been studied. The structures are shown in
Fig. 5. In this section strands of d(Gn) will be described first. Thereafter three other quadruplex
structures primarily consisting of guanine and thymine will be presented. Here the signal from
the thymine spacers can be neglected since none of the peaks for d(Tn), n = 2, 5, 10, 15, single
strands (Fig. 11) are present in the spectra; also the coupling between the disordered thymines in
the loops of the quadruplexes is expectedly small.
Spectra of d(Gn) are shown in Fig. 23. For n ≥ 4, the positive band at ~260–265 nm, the
negative one at ~240–245 nm and the strong positive one at ~210 nm are well-known markers
for the all-parallel quadruplex structure (A).38-40 No new features appear upon increasing the
strand length. The signal increases linearly with the strand length from n = 4 to 20 (Fig. 23c),
and the signal consists of individual quartet signals. The n ≤ 3 - spectra are completely different
from the higher-n spectra. In the UV region, the n = 1 and 2 spectra look almost identical,
whereas n = 3 has an additional band. The latter band is also seen for the quadruplexes so its
presence indicates the beginning of complexation. The n = 2 spectrum is ascribed to be that of a
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Fig. 23 (a) CD spectra for d(Gn), n = 4–10, 15, 20, 30, 40. The labels to the right indicate the number of bases
in the strand. (b) Spectra for n ≤ 3 divided by the number of bases in the strand. (c) The scaling factor as a
function of strand length, n. The line is a fit to a straight line for n = 4 ‐20.41
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Spectra of d(G4TnG4), n = 3–5, are shown in Fig. 24. The n = 4 and 5 spectra are similar
but differ somewhat from that of n = 3. It is assumed that both n = 4 and 5 are in the B form
whereas n = 3 adopts a different form. Spectra representative for structure A, B, C, and D are
presented in Fig. 25. Structures B, C, and D all exhibit a strong positive peak at ~189 nm. To
test if this is a marker for the specific quadruplex structure or a more general effect of guanine
base stacking, CD spectra were recorded of the sequence corresponding to structure C in
aqueous solutions: 100 mM KF(aq), 100 mM NaF(aq), and in pure water without added salt
(Fig. 26). The characteristic CD spectrum for C disappears when Na+ is present instead of K+. In
the absence of salt, the spectrum is very similar to that of a single guanine strand. For all three
structures (C, unknown, and single stranded) the 189-nm band is very intense. Thus, this band
does not reveal a specific quadruplex topology but is most likely a marker for the guanine-

CD signal (arb. units)

guanine base stacking that is already present in a single strand.
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Fig. 24. SRCD spectra for d(G4TnG4), n = 3, 4, and 5.41
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Fig. 25. SRCD spectra for two parallel quadruplexes (structures A and C) and two antiparallel
quadruplexes (structures B and D).41
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The polarity of the quartets has been suggested to determine the sign of the signal in the
240-300 nm region.42 In the case of quadruplex A, all quartets have the same polarity (+ + + •••)
while d(G3TnG3) has one stack with two quartets of positive polarity and one stack with two
quartets of negative polarity(+ + - -).42 The structure adopted by d(G4T4G4) (structure B), has
alternating polarity (+ - + -).43 Structure D also has alternating quartet polarities (+ - + - ) but its
spectrum is very different in the 240-300 nm region from that of B, not to mention the VUV
region. Also, it is not possible, based on a linear combination of spectra A and B, to obtain the
spectrum of d(G3T3G3). Thus the quartet polarities are not sufficient to account for the spectral
signatures, though they may play a role.
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Fig. 26. SRCD spectra for d(TAGGGUTAGGGT) in aqueous solutions: 100 mM KF(aq), 100 mM NaF(aq),
and in pure water without salt.41
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1.12 Mixed Strands of Guanine and Cytosine
Strands of guanine and cytosine have the ability to form both double and triple stranded DNA
(like adenine and thymine). Double stranded DNA is bound together by WC base pairing,
whereas triple stranded DNA has two strands bound together by WC base pairing and two
bound together by Hoogsteen base pairing (Fig. 27). Only two studies have been made on
double stranded DNA containing these two bases. A model structure for poly(dG)poly(dC) was
made by McCall et al.44 and it is similar to that of A DNA. The cytosine bases are not stacked;
however, the guanine bases are stacked in an arrangement thought to be more stable than any
other arrangement.45 The five-membered ring of one guanine stack on top of the six-membered
ring of its 5’ neighbor. Triplex oligonucleotide binding experiments have revealed that the third
strand binds antiparallel to the purine strand of the WC duplex46, 47 and NMR studies reveal that
it is reverse Hoogsteen binding.48 The CD spectra for d(C10), d(G10), d(C10):d(G10), and
d(G10):d(G10):d(C10) are shown are Fig. 28a. Their associated residual spectra are shown in Fig.
28b. The residual spectra for the duplex and the triplex are very similar above 210 nm but quite
different below. The large bands at 185 nm and 176 nm are not present for any of the individual
strands, nor are they enlarged by the triplet formation. The changes in the VUV region can
reflect a change in the duplex interaction or a new interaction arising from binding of the third
strand. The residual spectra here show the effect of hybridization and most likely it cannot be
directly related to the WC base pairing. Since the spectra for the individual guanine strand is
that of a strand involved in a quadruplex, and, as figure 23b shows, they have different features
than those of a single strand. So the residual signal describes the process of breaking a
quadruplex and incorporating a guanine strand into the double or triple strand.
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Fig. 27. The binding in a (dG:dC):dG triplex.
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Fig. 28. SRCD spectra of d(C10), d(G10), d(C10):d(G10), and dG(10):d(G10):d(C10) (a), and the residual spectra
for d(C10):d(G10), and d(G10):d(G10):d(C10) (b).45
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1.13 Mixed strands of all four bases
Holm et al.49 have investigated the effect of strand orientation for two double stranded
complexes, d(A10)d(C10):d(G10)d(T10) and d(A10)d(C10):d(T10)d(G10) where the first has the
antiparallel orientation (5’-3’:3’-5’) and the second has parallel orientation (5’-3’:5’-3’). The
spectra and their respective residual spectra are shown in Fig. 29. The antiparallel complex
exhibits both dA:dT and dC:dG WC bonding character, whereas the parallel complex only has
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Fig. 29. (a) SRCD spectra of a d(A10)d(C10):d(G10)d(T10) and d(A10)d(C10):d(T10)d(G10) , (b) their respective
residual spectra.49
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1.14 A, B, and Z DNA
The spectra for A, B, and Z DNA are shown in Fig. 30. The spectra of B and A DNA with
different sequences were first measured by Sprecher et al.50, and they found that these two
structures can be differentiated in the VUV region. Based on these spectra Sutherland et al.4
investigated the relative importance of guanine and cytosine compared to that of adenine and
thymine. This was done by examining the intensity of the 185-nm band, which is present for
both types, as a function of % G+C content. They found that the band intensity depends linearly
on % G+C. This provided a method to distinguish between A and B DNA if the sequence is
known. Sutherland et al.4, 51 also measured the CD spectrum for the Z form of DNA and, in
contrast to the other two structures, it has a strong negative peak at 195 nm and a positive peak

CD signal (mdeg nmol-1 cm2)

below 180 nm. The negative band was believed to be a good indicator for Z DNA.
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Fig. 30. CD spectra of A, B, Z DNA.52

Gray et al.32 later recorded the spectra of poly(d(AC):d(GT)),poly(d(AG):d(CT)),
poly(d(ACC):d(GGT)), and poly(d(ACG):d(CGT)). The spectra all differed in the VUV region
demonstrating the dependence of the CD signal on the sequence. However, all spectra had a
positive peak at about 190 nm which is indicative of their B-structure (Fig. 31).
Riazence et al.53 investigated two polydeoxy-nucleotides (poly(d(GC):d(GC)) and
poly(d(AC):d(GT))) that were known to adopt the Z structure and both of these had the
characteristic negative band at short wavelengths (Fig. 32).
Rippe et al.54 investigated the CD signal of a duplex form of DNA, in which oligopurine
strands are paired with each other in a parallel orientation, parallel stranded DNA. The duplex is
self-folded strands of d((GA)7G), where the guanine have all syn glycosidic bonds and adenine
have all anti, and the helical stacking are best described as a dinucleotide unit with a helical
twist of 90o (eight bases per turn) and an average helical rise of 6.8 Å. At low temperature (7oC)
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the complex has a strong negative band at 190 nm. Denaturation by heating to 55oC led to an
inversion of this band (see Fig. 33). Since this duplex is right-handed, the authors proposed that
the low wavelength negative band reflects the syn conformations of the guanine rather than the
handedness of the helix.
The inversion of the ~190-nm peak was also observed upon addition of salt to a complex
containing only Gsyn:Gsyn and Aanti:Aanti base pairs, which again suggests that it is not the
handedness but the syn configuration at the guanine that is responsible for this negative band.54
The measurements of the different G-quadruplex structures show that this cannot be the
case either. Structure A has all anti glysocidic bonds and the VUV CD band has a negative sign.
Furthermore, the VUV bands for structures A and C have opposite signs even though all
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guanine residues are anti.
poly(d(AC):d(GT))
poly(d(AG):d(CT))
poly(d(ACC):d(GGT))
poly(d(ACG):d(CGT))

180 200 220 240 260 280 300 320
Wavelength (nm)
Fig. 31. CD spectra of poly(d(AC):d(GT)),poly(d(AG):d(CT)), poly(d(ACC):d(GGT)), and
poly(d(ACG):d(CGT)).32
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Fig. 32. CD spectra of poly(d(AC):d(GT) and poly(d(GC):d(GC)).53
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Fig. 33. CD spectra of d((GA)7G) at 7 oC (blue) and 55 oC (red).54
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1.15 Native DNA
Several CD spectra have been recorded of native DNA.45, 50, 55, 56 Here only one example will be
given, since limited information is obtained from the recorded spectra. Johnson et al.45 have
recorded the spectrum of the three strands c-mycI (CCCCACCCTCCC), c-mycII
(GGGAGGGTGGGG), and c-mycIII (GGGGTGGGTGGG) that are part of the human c-myc
gene. The c-mycI part of the c-myc gene can form antiparallel triplexes with c-mycII or c-mycIII.
The spectra for the separate strands, the c-mycI:c-mycII:duplex, the c-mycI:c-mycII:c-mycII
triplex, and the c-mycI:c-mycII:c-mycIII triplex were measured. The duplex and triplex residual
spectra are shown in Fig. 34. The duplex residual spectrum is very similar to the one obtained
for d(G10):d(C10). The triplex residual spectra are very similar and are also similar to the one
obtained for d(G10):(d(G10):d(C10)). The largest discrepancies are in the VUV region: the bands
are smaller and redshifted, but the overall structure is in fairly good agreement with the triplex
spectrum and the authors concluded that a triplex structure had indeed formed but that the

CD signal (mdeg nmol-1 cm2)

structure was slightly changed from that of d(G10):(d(G10):d(C10)).
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Fig. 34. The resisual specytra for the duplex c‐mycI:c‐mycII, and the triplexes c‐mycI:c‐mycII:c‐mycII and c‐
mycI:c‐mycII:c‐mycIII.45
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1.16 Concluding remarks
I have presented VUV-UV CD spectra of DNA single strands, double strands, triple strands, and
more complicated structures.
The overall CD signal depends on both the identity of the bases, the sequence of the
bases, and the amount of hybridization, that being whether it is single strands, double strands,
triple strands, i-motifs, or G-quadruplexes. A future goal is to build a database with DNA SRCD
signals, to make it possible to determine the base sequence of an unknown strand simply by
recording the SRCD spectrum. This may however turn out to be a huge challenge due to the
many contributing factors.
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Chapter 2
Dissociation of Peptide Cations by Electrons
2.1

Introduction

Mass spectrometry is the primary method for obtaining the amino acid sequence of proteins and
peptides. The protein is fragmented, and the fragments are identified based on their mass to
charge ratio. The ideal fragmentation method fulfills the following requirements: i) the sequence
coverage has to be large, that is, fragmentation between every individual amino acid is
preferred, ii) it has to be able to identify post-translational modifications, iii) it has to preserve
intra-molecular cross linkages, and iv) it has to be fast and easy to do.
There are a number of fragmentation methods such as collision induced dissociation
(CID), surface induced dissociation (SID), photon induced dissociation (PD), and electron
capture dissociation (ECD). The first three typically cleave the amide bond in the peptide
backbone producing b and y type ions. This corresponds to cleavage of the weakest bond since
energy is added at a much slower rate than energy randomization.1 Thus intra-molecular cross
linkages will not be preserved, and post translational modifications cannot be identified. In
contrast, ECD gives cleavage of the N-Cα bond, resulting in c and z ions. It is assumed to occur
with very little vibrational excitation and the original structure is preserved. Even non-covalent
bonds are often undisturbed after ECD.
Since ECD seems to be close to an ideal fragmentation method, a lot of work has been
put into understanding the mechanism behind it. In view of the fact that CID gives very
different fragmentation from ECD, the mechanisms are likely different. Also CID is often the
fragmentation of even-electron species in contrast to odd-electron species in ECD.
Several articles have focused on explaining the potential of ECD for analytical
purposes.2-4 The goal of this chapter is not to give an overview of what ECD can be used for but
instead to summarize data that shed light on the mechanism, somewhat biased to my own work.
In the following I will examine mass spectrometry experiments that use either ECD, electron
transfer dissociation (ETD), or electron capture induced dissociation (ECID). Even though there
are differences in instrumental setups, timescales and energy deposition in the three
experiments, the fragmentation processes are surprisingly similar.
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First, the nomenclature used for peptide fragmentation is described. Then the three
different electron induced fragmentation methods will be discussed and compared. Some
proposed mechanisms are presented and I will end with some general conclusions.
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2.2

Peptides

Peptides are composed of amino acids. An amino acid is a molecule that contains an amino
group (NH2) and a carboxylic acid group (COOH). The common amino acids differ only in the
composition of their side chains, where the lightest one is a hydrogen atom. A three-letter and
one-letter abbreviation exist for the amino acids. A unique nomenclature for the assignment of
peptide fragments is used (Fig. 1).5 The fragments containing the N-terminal are termed a, b,
and c-fragments and the ones containing the C-terminal are termed x, y, and z-fragments. The
number indices correspond to the number of amino acid residues in the fragment.

Fig. 1. Nomenclature for peptide fragmentation.
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2.3

Dissociation by electrons

ECD was introduced in 1998 by Zubarev, Kelleher and McLafferty.6 ECD has shown great
promise in protein analysis, and two other similar techniques have been introduced: ETD and
ECID. The three techniques are described below.

2.3.1

Electron Capture Dissociation (ECD)

ECD is the capture of free thermal electrons by molecular cations with relative kinetic energy
close to zero.7 Since it is the capture of free electrons, the electronic state occupied upon capture
is in the continuum (0 eV), and the energy gained is the full recombination energy (RE), which
for peptides is of the order 4-7 eV. The time scales for the experiments are set by the
instrumental set-up, and these experiments are often carried out with a Fourier Transform Ion
Cyclotron Resonance (FT-ICR) mass spectrometer. The interaction time between the electrons
and the ions as well as the dissociation time after capture is on the order of ms to tens of ms and
the capture is adiabatic.

2.3.2

Electron Transfer Dissociation (ETD)

ETD is the transfer of an electron from an anion to a molecular cation.8-12 An important aspect
of the experiment is the choice of anion. Two important properties of the anion that determine if
it is a suitable candidate for ETD are the Frank-Condon overlap between the ionic and neutral
state and the electron binding energy (EBE). The overlap has to be large and the EBE has to be
smaller than the RE of the cation. For atomic anions the overlap is of course not an issue but the
EBEs are often too large; therefore, several molecular anions have been proposed and a
reasonable candidate has been found in SO2-. The energy deposit is the difference between the
RE of the cation and the EBE of the anion. Another complication is proton transfer from the
cation to the anion. The rate has to be significantly smaller than that of electron transfer. The
experiments are done in a quadrupole ion trap (Q-trap) and both the ion-electron interaction
time and the dissociation time are ms and thus the capture is adiabatic.

2.3.3

Electron Capture Induced Dissociation (ECID)

ECID is the transfer of bound electrons from alkali metal atoms in high energy collisions. In
contrast to both ECD and ETD the capture process is vertical. Since the electron capture is so
fast (a few fs), the molecular structure does not change during the capture, and the probability
for capture to a certain state depends primarily on the Frank-Condon overlap between the initial
state and the states where the charged reduced species is trapped in the geometry of the initial
ion. The deposited energy depends on the RE of the cation, the IE of the alkali metal and on the
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amount of energy transferred in the collision (T). T can be quite large and is an unknown
parameter. The experiments are carried out at accelerator mass spectrometers, and the
dissociation time sampled is µs.

2.3.4 Comparisons
As described above there are several experimental differences for the three processes, such as
the interaction time between the cations and the electrons, the dissociation time, and the
energetics of the electron capture process. An important parameter for characterizing any
fragmentation method is the internal energy that is deposited into an ion upon activation. For
these three electron capture processes, the energy deposit ranges from the full RE down to the
energy gained by capturing to the ground state and letting the ion relax to its optimal structure.
This is illustrated in Fig. 2: ECD is capture to a continuum state, ETD is capture to an excited
state compatible with the difference between the RE and EBE of the anion, and ECID is capture
to an excited state manifold determined by the RE of the cation, the IE of the alkali metal and
the collision energy transferred.
Also, the size of the system under study is often different for the three types of
fragmentation techniques. ECD and ETD are often used for larger peptides than ECID.

Fig. 2. Schematic drawing of the electronic state whereto the electron is captured. Green: ECD, blue:
ETD, and red: ECID.

Despite these significant differences, the three methods give very similar fragmentation
spectra.9, 13 A comparison between ECD and ECID is shown in fig. 3 for substance P (subP)
and bradykinin; the fragment intensities are normalized to the intensity of the c5+ ion. The same
fragments are presented for both processes with comparable intensity.
The three fragmentation methods rely on the fragments being charged, which implies that
singly charged peptides cannot be studied. However, charge reversal experiments in connection
with ECID provide a way of circumventing this problem. The technique requires double
collisions, with the initial collision forming neutral fragments and the subsequent collision
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ionizing these fragments. The technique has recently been used as a complementary method to
ECD, ETD, and ECID.14, 15

Fig. 3. Comparison of fragment ion distributions obtained from ECD and ECID of doubly
protonated substance P (RPKPEEFFGLM) and bradykinin (RPPGFSPRR). The intensity of the c5+‐ion is set
to 1 both for ECD and ECID. The ECID values for the M+‐ion are 6.2 and 7.8 for substance P and
bradykinin, respectively.13
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2.4

Fragmentation channels

The primary fragmentation channels after electron capture is H loss, NH3 loss and N-Cα bond
cleavage. ECID experiments suggest that the H loss and NH3 loss channels are mutually
competitive, and that they likely can be decoupled from the N-Cα bond cleavage.
The primary channels in ECD, ETD, and ECID (all denoted EXD from now on) are N-Cα
bond cleavages, resulting in c and z radical (z●) fragments, cleavage of disulfide bonds, side
chain cleavages, hydrogen atom loss, and H2O and NH3 loss. Typically, NH3 loss is observed in
ECID and H2O loss in ECD/ETD. Both the c and the z ions are observed within a mass range of
2 Da, corresponding to the fragments defined in Fig. 1 and with one more or rewer H atom.
To test whether or not the H loss, NH3 loss, and N-Cα bond breakage channels are in
competition with one another or if they are the result of different electronic capture states, ECID
experiments on the doubly protonated AK peptide have been carried out with different target
gases and at different collision energies.13 For each fragmentation spectrum the probabilities for
H loss, NH3 loss, and formation of c and z● ions have been extracted (see Fig. 4). For different
collision gases the results are very similar, despite the fact that the ionization energy (IE)
changes by as much as 10 eV. However, the data seem to fall into two categories, dependent on
whether or not the IE is larger than the RE of the peptide. The major difference observed
between the two groups is that H loss is more favored over NH3 loss for gases with high
ionization energy. The probability of N–Cα bond cleavage is more or less independent of the
collision gas. The same probabilities are plotted in Fig. 5 after electron capture from sodium as a
function of the kinetic energy of the cation before capture. The probabilities for the formations
of z+●- and c+-ions are nearly independent of the kinetic energy. On the other hand, the H-loss
channel decreases in importance, which is accompanied by an increase of the ammonia loss
channel. These data suggest that the hydrogen loss and NH3 loss channels are in mutual
competition, and that they are decoupled from the N-Cα breakage channel.
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Fig. 4. Probability of formation of the different ECID products after electron capture to [AK + 2H]2+
as a function of the ionization energies of the target gases. The dotted vertical line marks the calculated
vertical recombination energy of [AK + 2H]2+.13

Fig. 5. Probability of formation of the different ECID products of [AK + 2H]2+after electron capture
from Na as a function of the acceleration voltage.13
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2.4

Fragmentation of multiply charged peptides

ECD experiments have shown that transfer of a hydrogen atom to an amide oxygen of a
multiple charged peptide results in cleavage on the N-terminal side and that the capture of a
single electron can cause multiple backbone cleavages.
Savitski et al.16 have analyzed the mass spectra of 15.000 peptides looking for hydrogen
atom rearrangement to and from z● ionic fragments. They found that both H● addition and
abstraction are seen and occur with a frequency of 47 %, with addition being the primary
channel. The importance of the amino acid position can be examined by calculating the variance
of the (z + H)/z● ratio. It was found that the most important residue for H● donation is the one
adjacent to the cleavage from the C-terminal side. Cleavage may occur on both sides of the
amide group, where pathway I gives the z● ion and pathway II gives the (z + H) fragment (see
Fig. 6). Calculations show that the cleavage primarily happens following pathway I and the z +
H fragment arises from H atom abstraction from the c fragment.16

Fig. 6. The two pathways for N‐Cα bond cleavage after H addition to the amide oxygen. (I) Right
side cleavage and (II) Left side cleavage.

The common assumption is that capture of one electron gives one cleavage. This
hypothesis has been tested by ECD experiments of doubly protonated cyclic peptides, where
supposedly fragment ions arising from backbone cleavages would require the capture of two
electrons, which would render the fragments neutral and not observable.17 The spectra showed
that the intact charge reduced cation did not survive the experimental timescale and that double
N-Cα bond cleavages resulting in loss of amino acid residues indeed occurred. Therefore, one
electron is enough to cause breakage of two bonds.
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2.6

Isotope labeling experiments

An easy way to obtain knowledge about the fragments after electron capture is by isotope
labeling. 15N and deuterium labeling experiments have shown that the NH3 loss is exclusively
from the N-terminal and that hydrogen scrambling most likely occur within the observed time
scale.

2.6.1

15

N labeling

Holm et al.18 have carried out N-terminal

15

N labeling experiments on four different small

peptides (three dipeptides and one tripeptide), and scans in the region of the NH3 loss peaks are
shown in Fig. 7. For all peptides there is a peak 18 Da less than that of the charge reduced
parent ion, which clearly demonstrates that 15NH3 is lost. Loss from the other ammonium group
occurred with a probability of less than 3 %. This suggests that EC followed by NH3 loss is
governed by the nearby environment of the ammonium group.

15 +
H3 N

CH3
H O

H
N C
H
CH2

OH
O

CH2
CH2
CH2
14

+

NH3

Fig. 7. (left) Partial ECID spectra of (a) [AK + 2H]2+, (b) [KK + 2H]2+, (c) [AAK + 2H]2+, and (d)
[GHK + 2H]2+, M+ denotes the intact reduced parent ion. All four peptides are 15N‐labeled at the N‐
terminal end.18 (right) Schematic structure of [AK + 2H]2+.

2.6.2

Deuterium labeling

The analysis of results from deuterium labeling experiments is not as easy as that from

15

N

labeling experiments since H/D scrambling can occur. Scrambling refers to the redistribution of
deuterons and protons among all exchangeable sites within the peptide or between the fragments
after EC. This erases the original solution deuterium pattern.
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Experiments have been carried out both to investigate the degree of H/D scrambling and
to try and determine the origin of the hydrogen loss upon ECD.
One group has shown that there is a very low degree of scrambling of hydrogen atoms
upon EXD if vibrational excitation prior to the experiment is kept to a minimum.19, 20 O’Connor
et al.21 have recorded ECD spectra of two pairs of deuterated and non-deuterated peptides, and
the spectra showed evidence for scrambling. These data sets suggest that the degree of
scrambling can be kept to a minimum if no vibrational excitation occurs. However, the degree
of excitation upon ion selection in an FT-ICR cell is enough to cause scrambling.
Chakraborty et al.22 have investigated the ratio of H to D loss, and the distribution of the
losses of ND3, NHD2, and NDH2 from small deuterated peptides. The experiments showed a
very different ratio than expected statistically. For example, for [GK+2H]2+– d7 with seven
deuterium atoms incorporated, the losses of ND3 and NHD2 are comparable, and if the hydrogen
loss originated from the ammonium groups the ratio should be 5:1 instead of the observed 2:1
(see Fig. 8). This difference from this statistic ratio is due to kinetic isotope effects, H/D
scrambling and perhaps that the origin of the H loss is not solely the ammonium groups.

Fig. 8. (left) Partial ECID spectra of (a) [GK+2H]2+ – d7 (= M2+) and Na and (b) [GHK+2H]2+ – d7 ( =
M2+) and Na; (right) two possible PM3 optimized structures.22
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2.7

Role of conformation in EXD

It is found that the fragmentation of a multiply charged peptide cation highly depends on its
conformation. A change in the conformation from an increase in the charge state or by
solvation affects the fragmentation pattern. However, the significance of the internal energy is
up for some discussion.
As mentioned before the primary goal of proteomics is to obtain information on the amino
acid sequence. However, fragmentation spectra of large systems depend on the peptide three
dimensional structure as well, since different conformers may give different fragments. The
ratio between c and z● ions may depend largely on the folding of the peptide. The 15N labeling
experiments showed that at least some of the captured electrons are directed towards the Nterminal end. A schematic drawing of electron capture to the N-terminal end of an unfolded and
a folded peptide is shown in Fig. 9. For an unfolded peptide EXD results in z● ions, if no
internal charge transfer occurs, but for a folded peptide an ion-molecule complex is most likely
formed after EXD, and if the lifetime of such a complex is sufficiently long to facilitate
hydrogen migration, the observed ionic fragment is the one with the highest hydrogen atom
affinity.16, 21, 23-25
In the following three sections I will go through different types of experiments which test
the importance of the conformation. The conformation can e.g. be changed by changing the
charge state, the internal temperature of the ion or by solvation.

Fig. 9. Schematic drawing of the peptide fragmentation after electron capture to the N‐terminal end
for both an unfolded and a folded peptide.
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2.7.1

Charge state

It is easy to imagine that the charge state of the cation plays a role for electron capture since an
electron is more attracted to a higher charge. However, changing the charge state does not only
influence the potential between the electron and the cation but the structure of the ion is also
dictated by the repulsion between protons; thus, a high charge state unfolds the peptide. It is
found that the number of backbone cleavages is greatly affected by the charge state, and a
charge increase gives higher sequence coverage, and the backbone cleavages occur near the
charge sites.10, 26 For example, the number of observed backbone cleavages changes from zero
to fifty as the precursor charge state is increased from 5+ to 13+ for ubiquitin.26 Not only the
number of backbone cleavages but also the type of the backbone cleavages depends on the
charge state.
Williams and co-workers27 have looked at the fragmentation of a 16mer-peptide with
lysine residues near the termini. For the doubly protonated species they only observed heavy c
and z● ions but as the charge state increased, the intermediate ions were also observed. This was
explained by different foldings in the different charge states. One lysine side chain near each
end is protonated, and the charges are solvated by the polar groups of the local peptide
backbone. Capture to the C-terminal then results in the formation of a radical and subsequent
fragmentation nearby, giving a large c ion. In contrast, capture to the N-terminal results in a
large z● ion (see Fig 9). For higher charge states the additional charges will be located near the
center and will thus give rise to intermediate size ions.

Fig. 10. Electron capture by a doubly protonated peptide. The charges are located near the termini
of the peptide and are solvated by the backbone carbonyl oxygens. EC and neutralization near the C‐
terminal (a) result in large c ions, whereas EC and neutralization near the N‐terminal (b) result in large z‐
ions.
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2.7.2

Internal temperature

The internal temperature of an ion is changed by heating or cooling, which can be done in
different ways. Heating can be done by an IR laser, by absorption of blackbody radiation, or
from collisions with a buffer gas. Activation can be done either before or after EC. One major
finding is that internal proton transfer can be orders of magnitude higher that the separation of
the c/z● ion-molecule complex.28 Both changes and no changes in the fragmentation pattern after
a change in internal energy have been reported.

No change
Several groups have carried out heating experiments in the range from room temperature to 150
o

C.26, 27, 29-31 For these experiments no significant change is observed by heating before ECD.
Ehlerding et al.29 have recorded the fragmentation spectra of four small peptides (three

dipeptides and one tripeptide), that were thermalized in a 22-pole-ion trap in a temperature
range of -60 oC to 90 oC. Here no noticeable differences were observed in the c to z● ions ratio
after electron capture (see Fig. 11). An inconclusive experiment is that of Robinson et al.31 for a
hexadeca peptide. There seemed to be an increase in the z● ion yield when the ions were
collisionally excited prior to ECD. However, heating by collisional activation of the same ion
also resulted in z● ions that were produced from y ions. Thus the increase in z● ion yield was not
necessarily a result of increased internal energy.

Changes
Other groups have found that the sequence coverage can be improved for large proteins by
activating the ions before ECD.28, 32-35 A conventional ECD spectrum and an ECD spectrum of
heated ions (In-Beam ECD) are shown in Fig. 12. It is evident that there is a large increase in
sequence coverage upon heating.
Mihalca et al.36 have carried out ECD experiments on doubly protonated subP, where the
ions before electron capture were allowed to equilibrate to temperatures of either 35 oC or -187
o

C. At 35 oC subP produced seven c ions and one z● ion whereas at -187 oC only two c ions were

observed (see Fig. 13).
Lin et al.28 studied two model peptides subP and fibrinopeptide B. The fragmentation
spectra of subP resulting from ECD (a), 200 ms IR irradiation and ECD (b), and ECD and 200
ms IR irradiation (c) are shown in Fig. 14. Heating after ECD does not seem to have any effect,
whereas heating before resulted in the disappearance of the z9●, c4●, and c5● ions and the
appearance of the c2 ion. Calculations have shown that at low temperature the N-terminal is
solvated by the Lys3 proton, and thus c2 cannot be formed37 but preheating can change the
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conformation and therefore remove the solvation of the Lys3 proton and the c2 fragment can
then be observed. Also, large changes were observed for fibrinopeptide B.

Fig. 11. The ratio of c+/z+ ion fragments after ECID for (a) [AR+2H]2+, (b) [GHK+2H]2+, without taking the
secondary fragments from z+ into account. Error bars represent statistical uncertainties.29

Fig. 12. Abundances relative to the total fragment ion abundance, of the ions resulting from ECD
(top) and heated ion ECD (bottom) cleavages of interresidue linkages in cytochrome c.32
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Fig. 13. Comparison of the ECD spectra of the [M + 2H]2+ ion of Substance P at 35 oC and ‐187 oC.36

Fig. 14. ECD spectra of Substance P with 150 ms electron irradiation and (a) no IR irradiation;
(b) 200 ms IR irradiation immediately before the ECD event; and (c) 200 ms IR irradiation
immediately after the ECD event. Asterisks mark electronic noise.28
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2.7.3

Solvation

Solvation of a molecule can both be internal, which is hydrogen bonding within the molecule,
and external, which is the non-covalent binding of other molecules such as water or MeOH.
As previously mentioned the H loss and NH3 loss channels can be decoupled from the NCα bond cleavage so I will discuss these separately.

H loss
The degree of H loss from the charge reduced precursor can be dramatically changed by
solvation. Scans of the mass region around the charge reduced precursor for three different
tripeptides with zero and one water molecule attached are shown in Fig. 15. Just one water
molecule dramatically changes the ratio between the peak corresponding to the charge reduced
ion and the one corresponding to H atom loss. The intact charge reduced precursor can be
observed, which can be due to vibrational cooling by evaporation or a caging effect on the
expelled hydrogen.22 The H loss has been quantified for a solvated tripeptide (KYK). This was
done as a function of attached water molecules, and the ratio between the charge reduced
precursor ([KYK+2H]+●) and the one which had lost an H atom ([KYK+H]+) is plotted in Fig.
16. For the bare ion no charge reduced precursor was observed. Addition of water molecules
changed this, and some of the charge reduced ions survived and addition of 11 or more water
molecules completely switched off the H loss channel.38 Again this can be explained by a
change in environment around the protonation site. H-atom loss becomes increasingly unlikely
when all of the H atoms at the protonation site are involved in hydrogen bonds and the extra
cooling from evaporation of water molecules may bring the internal energy down to a point
where the ion can survive.

Fig. 15. Partial ECID spectra of (a) [KYK + 2H]2+ and [KYK + 2H]2+(CH3OH), (b) [KWK + 2H]2+ and
[KWK + 2H]2+(CH3OH), and (c) [AK + 2H]2+ and [AK + 2H]2+(CH3OH)3; bare ions are in blue, solvated ions
are in red.22

53

Fig. 16. Normalized abundances of [KYK + 2H]+• (including water retention) and [KYK + H]+ formed
by EC of [KYK + 2H](H2O)n2+ as a function precursor ion size, n. The abundances of ions formed by
subsequent loss of ammonia from [KYK + 2H]+• or water from [KYK + H]+ have been included in the
normalized abundance of their respective precursors.38

N-Cα bond cleavage
Folding of a peptide greatly depends on the peptide size. The probability for N-Cα bond
cleavage in ECID has been studied for a peptide size range of 2 to 11 amino acids and no
dependence was found.22 However, it is hard to compare different peptide sizes due to the large
differences in degrees of freedom. Direct comparisons between different conformers of the
same peptide can be done with the use of FAIMS (high-field asymmetric waveform ion mobility
spectrometry), and it was found that extended conformers produce large c ions whereas more
compact conformers produce small c ions.31
Another way to change the degree of self-folding is to form non-covalently bound
complexes with e.g. 18-crown 6-ether (CE) or water. The binding site of CE (18-crown-6-ether)
is very specific. It makes three H-bonds to an R-NH3+ group (see Fig. 17) and the lysine side
chain has a higher affinity than the N-terminal.39 Holm et al.18 showed that addition of CE to
[KK+2H]2+ dramatically changed the fragmentation pattern. For the bare ion only the c ion was
observed whereas for the CE-complex the z● ion dominated. The addition of CE prevents any
internal hydrogen bonding of the binding site; thus, it greatly reduces the probability for
hydrogen or proton transfer.
Prell et al.40 have studied the fragmentation pattern of a tripeptide with water molecules
attached, [KYK+2H]2+(H2O)n. A wide range of product ions were observed after EC
corresponding to backbone fragments: b, y, c, and z ions, the charge reduced precursor and the
one which had lost an H atom. For addition of ten or more water molecules the intact charge
reduced ion with water molecules attached is observed. The yields of the fragments as a
function of attached water molecules are shown in Fig. 18. The authors then used the calculated
sequential binding energy for addition of water molecules to calculate how much energy had to
be released in evaporative cooling to turn off a specific fragmentation channel. These apparent
energies are shown in Fig. 19. From the REs it is determined that the least exothermic reaction
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is the formation of y ions (88 kcal/mol). The most exothermic is hydrogen atom loss (9
kcal/mol), and that a z● ion is three times more expensive to form than a c ion.

Fig. 17. B3LYP/6‐311++G(d,p) optimized structure of [GA+H]+CE.

Fig. 18. Normalized abundances of dissociation products from intact reduced [KYK + 2H](H2O)n2+
and reduced ions that have lost a hydrogen atom, plotted as a function of n. Each curve is the sum of the
indicated major product ion and its subsequent neutral losses.40

Fig. 19. Thermochemistry for electron capture by [KYK + 2H] 2+ (H2O)n deduced from ion
nanocalorimetry experiments, where the recombination energy is determined from the number of water
molecules lost from the reduced precursor. Appearance energies (kcal/mol) relative to the reduced
precursor are indicated in parentheses.40
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Zettergren et al.14 have investigated the effect of different solvents on the ratio between
NH3 loss and N-Cα bond cleavage for [GA+H]+ based on ECID charge reversal experiments.
They found that addition of water or methanol molecules favors NH3 loss, in contrast to addition
of CE or CH3CN which favors N-Cα bond cleavage. Density functional theory calculations
revealed that the addition of CE to the peptide shifted the position of the single occupied
molecular orbital (SOMO) of the ion towards the peptide backbone instead of being situated
around the NH3 group, which likely explains the shift towards more backbone fragmentation.

Fig. 20. SOMO of the neutral radicals formed in vertical electron attachment to [GA+H]+ and
[GA+H]+(CE).14
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2.8

Charge tags

By introducing charge tags it is possible to tune the RE of the peptide and to select the electron
capture site. Preferential capture to metal ions instead of protonation sites can be explained by
different REs for the different charge sites. Charge tag experiments have shown that
protonation is not necessary for N-Cα bond cleavage.
If there are several basic residues in a peptide, there are several possibilities for the
protonation sites. This is an extra complication since the structure greatly depends on the
protonation sites. If the EC is guided by the protonation site, the capture site is uncertain. By
introducing a metal cation or by covalently binding a larger cationic complex to the peptide it
may be possible to trap the charge at a specific place. Also the use of charge tags as charge
carriers may provide a possibility of tuning the energy deposition since the RE changes upon
addition of charge tags.

2.8.1 Metal ions as charge tags
Iavarone et al.27 have recorded ECD spectra of doubly protonated, doubly lithiated, and doubly
cesiated peptides as well as doubly charged with a mixture of the above mentioned ions.
[M+2Li]2+ and [M+2Cs]2+ produces the lithiated and cesiated analogous of the c and z ions
observed for the protonated species, with the exception of one extra z ion for [M+2Cs]2+. The
ECD spectra of the mixed dications [M+Cs+Li]2+ and [M+H+Li]2+ were also recorded. The first
produced cesiated, lithiated and mixed alkali analogous of the c and z ions for [M+2H]2+. In
contrast, ECD of the latter produced almost exclusively lithiated ions. This can be explained by
estimating the energy deposit after EC, which depends on the RE of the cations, and for –NH3+,
–NH2Li+, and –NH2Cs+ these are calculated to be 116, 85, 72 kcal/mol, respectively. Since the
REs for Cs and Li are comparable, both cesiated and lithiated analogs should be observed, but
since the RE for –NH3+ is much larger than that for –NH2Li+ all capture should happen at the
protonation site and only lithiated analogs are therefore observed. The same trend of only
metalated ions was observed for a potassiated cyclic peptide.41
Divalent metal ions have also been used for charge tagging.37,

42-44

Fung et al.42 have

recorded ECD spectra of two small peptides using Mg2+, Ca2+, Sr2+, and Ba2+ as the charge
carriers. Four important conclusions can be drawn from this study. i) The ECD spectra for the
peptide charged by the four different divalent metal cations are very similar and metalated c and
z ions are abundant. The spectra are shown in Fig. 22. ii) Some non-metalated c ions are
observed. iii) For the protonated peptide, the [cn +2H]+ is always much more abundant than the
corresponding [cn + H]+●; this is in stark contrast to the metalated ones, where the [cn + Metal -
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H]+● radical dominates over the [cn + Metal]+ fragment. iv) Fragments resulting from multiple
backbone cleavages are observed in all cases. The observation of non-metalated c ions is
interesting since the charge is most probably located at the metal ion. This can be explained by
the charge/proton transfer between the hot reduced metal ion complex and the peptide ions.
Calculations confirm that the metalated peptide adopts a zwitterionic structure with the presence
of mobile protons. Håkansson et al.37, 43 and Kleinnijenhuis et al.44 have found that the ECD
pattern changes with addition of a metal ion, and that the fragmentation pattern also depends on
the metal ion identity. For example Cu2+ is a special case, where the fragmentation pattern
resembles that of low energy CID instead of ECD.44 This peculiarity arises because the second
ionization energy of copper is very high, and Cu2+ is just neutralized to Cu+ associated with an
increase in internal energy. Håkansson et al.37 have reported ECD spectra for subP in
complexation with metal cations [SubP + H + M]3+, M = Mg2+, Ba2+, Mn2+, Fe2+, or Zn2+. Again
protonated and/or metalated c and z● type ions are produced similar to those produced for triply
charged SubP. Also, non-metalated c ions are observed in all cases and the c ion contains one
more hydrogen atom than the protonated species. However, in contrast to the previously
mentioned data evidence for ions formed via secondary electron capture is found, and the
relative ion abundances for the different metal complexes differ.

2.8.2

Covalently bound charge tags

The disadvantage of metal ions as charge tags is that the location of the metal ion is unknown.
This can be circumvented by introducing covalently bound charge tags. This refers to the
covalent binding of a larger charged molecule to the peptide or modifying the peptide so that the
charge site is fixed. Generally the effect of charge tagging is a decrease in backbone
fragmentation, and in some cases backbone fragmentation switches completely off. Some
charge tags are shown in Fig. 21.
O’Connor et al.45 have studied the ECD spectra for two charge-tagged peptides. By
making the lysine side chain (singly tagged) or the lysine side chain and the N-terminal (doubly
tagged) into a pyridinium salt, it was possible to specify the charge sites. ECD of the
unmodified peptides gives rise to several c and z● type ions. Singly tagged peptides gave rise to
the same fragment ions, but the peak intensities greatly decreased. This can be explained by
examining the REs of the two charge sites; the charge tag has a RE of 4.71 eV whereas the
ammonium group has one of 3.71 eV. Thus most capture happens at the pyrimidinium group
and which results in the formation of a stable radical and no subsequent backbone
fragmentation. However, some capture still occurs at the N-terminal giving rise to the low
intensity backbone fragmentation. The addition of a second charge tag again decreases the
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intensity of the backbone fragmentation, but does not completely shut it off. This means that the
formation of c and z● ions can occur without H atom transfer. This conclusion was also drawn
from experiments on peptides solvated by two CEs, where c/z● ions are still formed without
hydrogen atom or proton transfer.18
Chamot-Rooke et al.46 have studied the ECD spectra for five N-terminal charge tagged
(tris-(2,4,6-trimethoxyphenyl)phosphonium-methylenecarboxamido (TMPP)) dipeptides. They
found that backbone cleavages only occurred in the presence of a lysine or arginine residue.
Recently, Skinnerup Jensen et al.47 have done experiments on a dipeptide (KK) with
different degrees of –N(CH3)3+ charge tagging. They showed that the formation of z● ions
requires that the N-terminal to be charged, and that most likely both electron transfer and proton
transfer can occur after N-Cα bond breakage.
Two charge tag experiments gave no backbone cleavage at all. i) N-terminal labeled
tetradeca and pentadeca-peptides with 2-(4’-carboxypyrid-2’-yl)-4-carboxamid (pepy) as the
charge tag.48 Here only the charge reduced precursor and loss of NH3 were observed.
Calculations showed that the RE of the pepy+ is much larger than that of the peptide NH3+, and
the electron gets trapped at the pepy and relaxes into the ground state of the pepy moiety. This is
supported by heating and by IR photon absorption of the ions after EC which only resulted in b
ions, the normal photodissociation products. ii) Two tripeptides with copper-2,2’-bipyridine as
the charge tag.49 Here again no backbone cleavage was observed since the charge tag functioned
as an electron and energy sink.

Fig. 21. Charge tags. (a) 2,4,6‐trimethylpyridinium, (b) trimethylammonium, (c) TMPP,(d) pepy,
and (e) Cu2+‐2,2’‐bipyridine.
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Fig. 22. Typical ECD mass spectra of [RGGGVGGGR + Metal]2+. Metal = Mg (a), Ca (b), Sr (c), and
Ba (d). “I.f.” refers to the internal fragment ions42
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2.9

Calculations

Calculations have shown that protonation of a peptide changes the amide electronic structure.
The electron affinity of the amide is enhanced and binding an electron to the oxygen greatly
reduces the N-Cα bond energy.
The effect of introducing a charge in a peptide system may be large; it may change the
bond energies as well as the electronic properties of the functional groups.
Syrstad and Turecek23 have shown that the energy barrier for cleavage of an N-Cα bond is
not affected by a nearby charge. In contrast, the electronic properties of an amide group are
greatly affected by the presence of a remote charge in the form of a point charge,
methylammonium, or guadinium cations. The effect of a remote charge is the increase of the
electron affinity of the amide group resulting in exothermic electron capture. This will then in
turn leave the negatively charged amide group highly basic and enable it to abstract a proton.50
Even though the N-Cα bond is not affected by a nearby charge, the bond energy is greatly
affected by forming a peptide ketyl radical, which will be the case upon electron attachment to
an amide oxygen. Calculations have shown that the N-Cα bond becomes extremely weak in
model peptide ketyl radicals and in the absence of hydrogen bonding, peptide ketyl radicals will
have lifetimes as low as 10-6 s.23, 51, 52 Thus the bottleneck in cation-radical dissociation is the
breakage of hydrogen bonds between the c and z type fragments.23 Also the attachment of a
hydrogen atom to the amide oxygen considerably weakens the N-Cα bond.53
A number of models of the ECD mechanism involve the transfer of an H atom from e.g. a
neutralized protonation site to the amide oxygen. The rate constant for addition of an H-atom to
an amide group has been calculated to be of the order 10-18 molecules cm-3 s-1.51 Also the
activation barrier for H addition to an amide oxygen is comparable to that of an amide carbon,
and addition to the latter would result in a and y ions.54, 55
For the other fragmentation pathways, calculations have been made which predict that
NH3 originates mainly from the N-terminal in agreement with

15

N labeling experiments.51 H

atom loss upon electron attachment to an NH4+ is accompanied by a substantial kinetic energy
release and neither fast nor slow hydrogens are efficient at cleaving the backbone.53
Recent calculations have shown that the lowest lying electronic states for doubly
protonated peptides are almost degenerate. Therefore there is an extensive delocalization of the
electron density over remote groups. This delocalization implies that the captured electron
cannot be assigned to any particular group and a superposition of remote Rydberg orbitals may
be important.56
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2.10 Mechanisms
A hotly debated topic of ECD is whether or not the fragmentation is ergodic or not, ergodic
meaning that the deposited energy after electron capture is randomized over all degrees of
freedom before fragmentation.
The arguments against an ergodic model are that the deposited energy upon EXD is
typically in the order of 4-7 eV, which when statistically distributed over thousand degrees of
freedom (DOF) will give tens of meV excess energy per DOF, and a typical N-Cα bond strength
for a doubly protonated peptide is 4-5 eV.17 On the other hand, calculations have shown that the
N-Cα bond becomes extremely weak if the ketyl radical is formed supporting ergodic
fragmentation.23, 51, 52
Today there are several proposed mechanisms. Some of which will be discussed below.

2.10.1 Hot hydrogen atom and internal solvation model
Electron capture happens at a protonation site, which is usually a lysine ammonium group, an
arginine guadinium group, a histidine imidazolium ring, or an N-terminal ammonium group.
The electron populates a highly excited Rydberg state followed by internal conversion to the
product valence state at an energy well above the dissociation barrier. The radical dissociates by
hydrogen expulsion.57 The hydrogen is then subsequently captured by an amide group resulting
in an aminoketyl that dissociates by N-Cα bond cleavage. Two different versions of this model
have been proposed, the difference being whether or not an H atom at the capture site is
internally solvated by an amide group (see Fig. 23). 57-59

Fig. 23. The hot hydrogen model including internal solvation for ECD of peptides. Electron capture
at a charge center is followed by hydrogen atom transfer to a backbone carbonyl, resulting in N‐Cα bond
cleavage.

A major drawback with the hot hydrogen atom model is that calculations53 and experiments60
have shown that the cross section for hydrogen capture by peptide amide groups is so low that
no addition of H atoms and backbone cleavages occur.
This can be circumvented by a hydrogen bond between the amide oxygen and a
protonation site prior to electron capture. Several experiments have tested this hypothesis by
observing the fragmentation pattern upon a change in the hydrogen bond network within a
peptide ion. The hydrogen bonded network can be changed by changing the peptide size or the

62

peptide environment. Experiments on different peptide sizes show no correlation between the
number of N-Cα bond cleavages and the number of amino acid residues,22 and solvation
experiments show that N-Cα bond breakage occurs even if all protonation sites are solvated
externally.18,

40

Perhaps more convincingly, charge tag experiments show that N-Cα bond

cleavage does not require a protonation site.45, 47 These findings do not however, exclude that
some N-Cα bond cleavage occur via this mechanism.

2.10.2 Utah/Washington mechanism
This mechanism was independently proposed by Turecek and co-workers50 and Simons and coworkers61, 62. The model is based on the fact that the electronic properties of an amide group are
affected by a nearby charge. The result of this Coulomb interaction is an increase in the electron
affinity, which makes capture directly to the amide group favorable. The electron enters a
charge stabilized electronic state delocalized over the amide group. Then either direct cleavage
of the N-Cα bond occurs or a proton is transferred to the amide oxygen and the N-Cα bond
breaks (see Fig. 24).

Fig. 24. The Utah/Washington model for ECD of peptides. (Top) Electron capture in an excited state
of an amide group is followed by proton transfer for charge neutralization and subsequent N‐Cα bond
cleavage. (bottom) Electron capture to an excited state of an amide group followed by N‐Cα bond cleavage.

In contrast to the hot hydrogen atom and the internal solvation model capture directly by the
amide group can explain the N-Cα bond cleavage observed in systems that lack hydrogen atom
donors can occur.18, 37, 45, 47
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Neither of the above mentioned models explain why multiple backbone fragmentation can occur
upon the attachment of a single electron. O’Connor and co-workers17 have proposed a free
radical cascade (FRC) model which build on top of on of the other models and which explains
the secondary fragmentation. In the FRC model an α-carbon radical species is generated. This
radical can then propagate along the peptide backbone, and the migration initiates multiple free
radical rearrangements which can cause multiple backbone cleavages.17 An example for a cyclic
peptide is shown in Fig. 25.

Fig. 25. An example of the FRC mechanism for a cyclic peptide. Nonergodic cleavage from electron
capture dissociation (A → B) initiates an α‐carbon radical which can propagate along a peptide backbone
by free radical rearrangements (B → C → D), cleaving the N‐Cα bond and forming another α‐carbon
radical17

2.10.3 Role of hydrogen bonding to amide NH
Recently, a mechanism has been proposed that places emphasis on the importance of neutral
hydrogen bonding between the amide nitrogen atom and a backbone carbonyl. Here an electron
is captured by an N-H•••O = C forming an anionic group. A proton can then be transferred to
this site generating an aminoketyl radical which can decay subsequently by N-Cα bond
cleavage.63
However, this mechanism was very recently rejected by Crizer and McLuckey64 who
showed that amide N-methylation played little direct role in the fragmentation process.
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2.11 Concluding remarks
There are two big questions in EXD: Is the fragmentation ergodic? And what is the mechanism
behind N-Cα bond breakage?
For ergodicity, randomization of energy happens on a ps time scale, so it seems that the
only way to determine if ECD is ergodic or not would be sub ps experiments.
Regarding the mechanism it is possible that all proposed models (and maybe more) have
to be included and that the end result arises from a competition between many mechanisms all
leading to N-Cα bond cleavage. For example, it does not seem that N-Cα bond cleavage requires
protons but that does not exclude that proton or hydrogen atom transfer play a role if there are
available acidic protons in the peptide.
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Chapter 3
Research summary
My PhD project has focused on two main topics:
1. Electron capture induced dissociation (ECID) of bare and solvated peptide cations
Electron capture dissociation (ECD) in combination with mass spectrometry is a widely used
method to obtain knowledge on the amino acid sequence of peptides. ECD results in specific
fragmentation (N-Cα bond cleavage) and compared to CID larger sequence coverage. In Aarhus
we mimic the ECD process by transferring electrons from alkali metal atoms (sodium or
cesium) to peptides in high energy collisions. This technique is called ECID and results in very
similar fragments to those produced after capture of free thermal electrons. I have been part of a
group that has conducted a series of experiments on bare and solvated peptides to shed light on
the mechanism behind ECID. The three main fragmentation pathways after electron capture are
hydrogen loss, ammonia loss and N-Cα bond breakage. We have found that the backbone
cleavage can be decoupled from the hydrogen and ammonia loss, and that the latter two are in
competition with each other. The ratio between hydrogen and ammonia loss was found to
depend on the collision energy, the collision gas, and on whether or not the peptide is solvated.
The N-Cα bond breakage probability is nearly independent of these parameters. However, the
ratio between the c and z fragments depends on charge stabilization, solvation, and crown ether
complexation. The fragmentation pathways and the main conclusions are shown in fig. 1.
2. DNA photophysics
The nature of excited electronic states governs DNAs photostability with respect to radiation
damage. It is of great importance to know the character of the excited states, their lifetimes and
de-excitation pathways. The experiments I have participated in have studied the excited states of
nucleosides, single strands of DNA, double strands of DNA and G-quadruplexes by circular
dichroism (CD) spectroscopy. Another important aspect of my project has been to record
reference spectra which can serve as a benchmark for theoretical calculations. For individual
nucleosides I have been able to pinpoint the origin of several CD bands. For adenine single
strands the electronic delocalization is dependent on excitation energy. Adenine has nearest
neighbor couplings in the UV region whereas at least eight bases are found to interact in the
VUV region. For double strands containing adenine and thymine it was found that the signal
can be represented by two basis spectra: one for Watson-Crick base pairing and one for cross
strand coupling. For cytosine I have recorded reference spectra representing single strands of
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all protonated or all neutral bases and for the cytosine i-motif. Also, reference spectra of four
different G-quadruplexes were recorded and it was found that the UV region probes the specific
quadruplex structure whereas the VUV region probes the Hoogsteen bonding between guanines.
More details on these two projects are given below.

The ratio between H loss
and NH3 loss depends on:

The probability of N‐Cα bond
breakage is independent of:

The c/z ion ratio depends on:

•

Collision energy

•

Collision energy

•

Charge stabilization

•

Collision gas

•

Collision gas

•

CE complexation

•

CE complexation

•

Peptide folding

•

Solvation

•

Charge site

•

CE complexation

•

Temperature

Fig. 1. The three main fragmentation pathways upon electron capture to a peptide and the main
conclusions.
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ECID of bare and solvated peptide cations
Most of the peptide experiments have been carried out at an accelerator mass spectrometer. The
ions of interest were generated by electrospray ionization. They were subsequently accelerated
to a kinetic energy of 50 keV per charge, mass selected by a magnet, collided with Cs or Na
atoms, and the fragments were analyzed by an electrostatic analyzer. One important feature of
the experimental set-up is that the flight time after electron transfer to the detector is only a few
µs, in contrast to ECD experiments carried out with FT-ICR instruments where the detection
time is typically tens of ms.
Electron capture by bare peptide ions results primarily in three different fragmentation
channels: H-atom loss, NH3 loss, and N-Cα bond cleavage. I have studied the relative
importance of these pathways to shed light on the underlying mechanism.
The small di-peptide AK was used as a model system to test the influence of acceleration
voltage and the ionization energy of the target gas on the three main dissociation pathways. The
acceleration voltage and the ionization energy of the target gas may govern which exited state
the electron is captured into upon transfer. It was found that: i) The electron capture probability
increases monotonically as a function of acceleration voltage. This is due to the energy defect
associated with electron transfer from sodium. ii) The probability for hydrogen loss decreases,
the probability for ammonia loss increases, and the probability for N-Cα bond breakage remains
constant as a function of acceleration voltage. This suggests that the hydrogen loss and
ammonia loss channels compete but both can be decoupled from the N-Cα bond cleavage
channel. iii) The probability for N-Cα bond breakage is again independent of collision gas
whereas H loss is favored over NH3 loss for gases with high ionization energies.

Hydrogen loss and ammonia loss
For di-peptides it was found that the intact charge reduced ion does not survive long enough for
detection (sub µs lifetimes); this is in contrast to tri-peptides and larger systems. I have carried
out deuterium labeling experiments on the same small peptides to gain more knowledge about
the hydrogen loss channel. For GK seven of eight exchangeable hydrogen atoms were replaced
by deuterium, and the fragmentation spectra showed that five of these were placed on the two
ammonium groups giving loss of ND3 and ND2H in equal amount. Interestingly, the deuterium
to hydrogen loss ratio was 2:1 and not 5:1. This lower ratio can be partially explained by a
kinetic isotope effect and by H/D scrambling after electron capture. The same experiment was
carried out for GHK; however, while the ND3 loss and ND2H loss channel were again
comparable, the D/H loss ratio is now 2:3. The fact that the ratio has decreased strongly
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suggests that there are other sources for hydrogen loss than the ammonium groups and that
scrambling after electron capture might play a significant role. Fragmentation spectra of

15

N-

isotope labeled di- and tri-peptides (AK, KK, AAK, and GHK) showed that NH3 is lost
exclusively from the N-terminal end.

N-Cα bond cleavage
The mechanism for c and z ion formation is hotly debated, but there seems to be a consensus on
the importance of having an electron (or hydrogen) attached to the amide oxygen and thereby
weakening the N-Cα bond.
Since the fragmentation is likely to depend on internal proton/hydrogen transfer, the
probability for N-Cα bond cleavage may depend on the distance between the amide group and
the surrounding H-atoms. Thus internal folding of the peptide might affect the probably for c
and z ion formation. The c/z ion ratio for different sizes of peptides was measured and no such
dependence was found. However, it is hard to make comparisons between peptides of different
sizes due to the differences in the number of degrees of freedom.
Another way to test if the c/z ion ratio depends on the initial structure is to follow the
fragmentation pattern as the temperature varies. For di- and tri-peptides no dependence of the
c/z ion ratio on temperature (-60 oC to 90 oC) was measured, which indicates that the
conformation does not play a significant role in determining the c/z ion ratio or that the
temperature variation was too little to cause a significant change in conformation. A higher
temperature does, however, result in more extensive fragmentation.
Since the
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N-labeling experiments showed that NH3 is lost exclusively from the N-

terminal, one would expect the electron capture site to be located around the N-terminal, and
that the z ion yield would consequently be much larger than the c ion yield. This was not the
case for the peptides under study: Where it was found that KK primarily formed c ions, AK
only formed z ions, and the tri-peptides AAK and GHK formed both. The fragmentation spectra
were also recorded after complexation with crown ether (CE). Complexation with crown ether
blocks internal hydrogen or proton transfer, lowers the probability
for internal hydrogen bonding, and in addition it reduces the
recombination energy of the ammonium group. The experiments
showed that the N-Cα bond cleavage probability remained constant
but the c ion abundance decreased upon complexation. Thus, the c/z
ion ratio can be controlled by addition of CE, and the c ion formation
may rely on internal proton transfer within the ion-molecule complex
formed upon electron capture.

Fig. 2. A CE‐peptide complex.

74

To test the importance of internal proton transfer experiments were carried out with
trimethylated dipetides. The –N(CH3)3+ was at the lysine amino group. We found that for z ion
formation to occur the N-terminal amino group must be protonated.
For ECD the energy deposited is equal to the recombination energy; hence the apparent
activation energy for different fragments can be measured upon examination of the
fragmentation channels of the peptide after the addition of water molecules. This is possible as
the evaporation energy for a single, or indeed a sequence of water molecules is fairly well
known. For doubly protonated KYK, the main dissociation pathway after ECD was found to be
the formation of b ions. Hydration results in a decrease of the formation of b ions and an
increase in the formation of other ions. Thus the relative ratio between c ions and z ions can be
changed by the addition of water molecules, and the relative energy for formation of these ions
can be found.
The results discussed so far have dealt with doubly protonated peptides since these
fragments remain charged after electron capture and can thus be measured by conventional mass
spectrometry. Charge reversal provides a way of doing experiments on singly charged ions. This
technique relies on double collisions with the initial collision forming neutral fragments and the
subsequent collision ionizing these fragments. The effect of the solvent environment on the ratio
between NH3 loss and N-Cα bond cleavage for two small peptides was studied using this
technique. It was found that the addition of one solvent molecule (water or methanol) drastically
changes the c/z ion ratio. For the bare ion the yield of z ions is larger than that of NH3 loss, by a
factor 1.5, whereas the opposite is true for the mono-solvated species. However the ratio stays
more or less constant upon the addition of further solvent molecules. The complexation between
CE or CH3CN and the peptide gives the opposite result, with the ratio between NH3 loss and z
ion formation decreasing. These findings were interpreted by means of theoretical calculations.
Density functional theory calculations revealed that for a protic solvent (water and methanol)
the orbital the electron most likely is captured to is located mainly around the N-terminal
ammonium group favoring NH3 loss whereas for an aprotic solvent (CH3CN and CE) the orbital
is pushed away from the ammonium group towards the peptide backbone, favoring N-Cα bond
breakage.

ECD versus ECID
The fact that the peptide fragmentation spectra after capture of a free thermal electron or upon
transfer of a bound electron in a high energy collision are almost identical is very interesting for
two reasons: 1) the time scales of observation are very different, µs for ECID experiments and
tens of ms in ECD experiments, and 2) the energy gained upon electron attachment is very

75

different, with the full recombination energy being received in ECD whereas in ECID the
energy depends on the state populated in the electron transfer process. A series of experiments
on simple model systems was carried out to gain more insight into the differences between these
two processes.
One study was on doubly protonated diammonium alkanes. This was carried out in order
to study the role of the ammonium radical. The ECD spectra of these species are very simple,
with the bare ion losing hydrogen, and the ion-CE complex losing hydrogen and CE. For ECID
the above mentioned channels are observed in addition to ammonia loss and highly endothermic
backbone fragmentation. The backbone fragmentation is most likely due to different
electronically excited states being accessed after electron transfer from alkali metal atoms than
when capture of free electrons occurs.
Another study dealt with hydrated divalent calcium ions. These ions can be used as nanothermometers since the energy of water molecule evaporation can be estimated. If the number of
evaporated water molecules upon electron capture is known, the deposited energy can be
calculated. The dissociation was found to proceed through two pathways: loss of water
molecules or loss of water molecules and an H-atom. The energy distribution after ECID was
very broad with a lower limit being calculated to be as high as 16 eV. Fragmentation spectra of
selected clusters were obtained both with Ne and Cs as target gases. The capture efficiency from
Cs was found to be 40 times higher than that from Ne but the average number of evaporated
water molecules was the same for the two gases. This indicates that the internal energy
deposited in the ion does not depend on the ionization energy of the target gas. The branching
ratio between the two pathways was, however, drastically different for the two gasses, which
suggests that the ionization energy of the target gas determines the electronic state accessed
upon capture. The same experiment has been done with ECD and the average number of water
molecules lost after capture of either a free or a bound electron has been compared. For small
clusters (up to 21 water molecules) the energy deposited is greater for ECD than that for ECID,
which would be expected since there the ionization energy of Cs has to be accounted for. For
larger clusters the energy deposited is greater for ECID than for ECD, which is attributed to
vibrational excitation during the electron transfer process.
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DNA photophysics
This is a study of the basic building blocks of DNA, the nucleosides, single strands containing
identical bases or a mixture of bases, the DNA double helix structure, cytosine i-motifs, and Gquadruplexes.

Individual base

Single strand

Double strand

(Base stacking)

(Watson‐Crick (WC) base pairing and
Cross strand (CS) coupling)

Fig. 3. Three different DNA segments studied using circular dichroism: individual bases, single stands,
and double strands.

I have participated in a series of experiments investigating the absorption and circular dichroism
(CD) spectra of nucleosides and locked nucleosides containing either adenine or thymine. It was
found that the changes in the absorption spectrum upon nucleobase protonation, locking of the
sugar or configurational changes were negligible, whereas these changes largely affect the CD
spectrum. Comparisons between absorption and CD spectra at different pH values led to the
conclusion that the CD active bands for the locked adenine nucleoside are nπ* transitions in
contrast to the ππ* transitions observed in conventional absorption spectrometry. The origin of
several bands was pinpointed from comparisons between CD spectra of nucleosides differing in
the configurations at chiral carbons in the sugar moiety.
CD spectroscopy can, as described above, be used to investigate the nature of the
electronic excitations in individual DNA bases. However, the strength of this technique
becomes clearer when studying larger systems, as CD spectroscopy is highly sensitive to
electronic couplings between bases. Electronic coupling between nucleobases in DNA is
important for many reasons, impacting on issues as diverse as DNA being used as conducting
nanowires, the resistance of DNA to electron-induced damage and DNA photostability. Indeed,
from the perspective of a self-protection mechanism, DNA is less prone to UV or VUV damage
when the excitation energy is spread over a large spatial region governed by the orbital overlap
in the excited states. In recent years, it has been shown in a number of studies that the
photophysics of a single base significantly differs from that of bases in a DNA single strand or
double strand since the de-excitation pathways in the latter cases involve exciton states and
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most likely, crossings to lower-lying charge transfer states. Electronic coupling can occur both
between base stacks and between Watson-Crick base pairs.
We have used CD spectroscopy to study the electronic coupling between single strands of
adenine, single strands of thymine and mixed single strands of adenine and thymine. The
spectral features both for adenine and thymine strands do not change as one increases the strand
length and the intensity of the bands can be explained on the basis of electron delocalization by
a very simple model. This model describes the CD spectrum as a sum of terms, the first being a
nearest neighbor interaction, the second a next to nearest neighbor interaction and so on. For
adenine the coupling in the UV region is confined to two bases in contrast to at least eight in the
VUV region. For thymine the signal consists of nearest neighbor interactions. For single strands
only containing one type of base the sequence of these bases is not important. However, for
mixed strands the sequence becomes an issue. We have shown that it is possible to distinguish
d(AT) from d(TA) in the low wavelength region (below 200 nm). Furthermore the presence of a
thymine base in an adenine strand significantly decreases the coupling between adenine bases
but does not remove it entirely.
(AT)n tracts are very important in biology since they play a significant role in dictating
both the translational and rotational positioning of DNA on nucleosomes. This role is due to the
extra stiffness introduced into these systems by the addition of an extra hydrogen bond between
the strands, compared to normal B-DNA. A wide range of compounds all containing nine
adenine and nine thymine bases, arranged in different sequences were investigated. It was found
that all the spectra can be represented by two basis spectra, one representing the Watson-Crick
base pairing and the other representing the cross strand coupling.
Two very distinctive structures in in vivo DNA are cytosine i-motifs and G-quadruplexes.
Hemiprotonated cytosine pairs can bind together (Fig. 4 left) and in this way a four-strand
structure called an i-motif (Fig. 5 right) can be obtained. The guanine base can form what is
known as Hoogsteen bonds to itself and form quartets. These can stack (either inter- or
intramolecular) to form quadruplexes. These complexes are found at the end of all linear
chromosomes and prevent the end from being recognized as a strand break and decrease the
activity of the telomerase enzyme, which is responsible for maintaining the length of telomeres
and is involved in around 85 % of all cancers.
We have recorded the CD spectra for d(Cn) at different pH values. For low pH values the
structure is that of a single strand with all bases protonated and the signal decomposes into
single base contributions. For neutral pH two structures exist; small strands (n ≤ 5) the structure
is unknown and no electronic coupling is observed, whereas for n ≥ 6 an i-motif is formed and
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the signal originates from the hemiprotonated base pairs. For high pH the structure is that of a
neutral single strand and the signal consists of dimer couplings.
Also the reference CD spectra of four different quadruplex structures; a four-fold parallel,
a bi-molecular antiparallel, a bi-molecular parallel, and a uni-molecular antiparallel quadruplex
(see fig. 5) were recorded. For d(Gn) the CD signal depends linearly on the number of Gquartets. There is also a contribution from the interaction between two quartets. Some of the
quadruplex structures are very dependent on the presence of specific metal ions and the
comparison of spectral changes after changing the metal ion has led to the conclusion that the
low wavelength region does not probe a specific structure but instead probes the interactions
between neighboring bases.
dR
N
N

H

N
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H

H
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Fig. 4. (left) Hemiprotonated cytosine base pair, and (right) schematic cytosine i‐motif.

Fig. 5. The four types of G‐quadruplexes which have been investigated. The color of the strand represents
the orientation (red is upwards and blue downwards).
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Appendix A
Abbreviations
A/dA

Adenine/deoxy-Adenosine

ASTRID

Aarhus STorage RIng in Denmark

C/dC

Cytosine/deoxy-Cytidine

CD

Circular Dichroism

CE

Crown Ether

CID

Collision Induced Dissociation

CS

Cross Strand

DNA

Deoxy-Nucleic-Acid

DOF

Degrees of Freedom

dR

deoxy-Ribose

EBE

Electron Binding Energy

ECD

Electron Capture Dissociation

ECID

Electron Capture Induced Dissociation

ESA

Electrostatic Analyzer

ESI

Electrospray Ionization

ETD

Electron Transfer Dissociation

FRC

Free Radical Cascade

FT-ICR

Fourier Transform – Ion Cyclotron Resonance

G/dG

Guanine/deoxy-Guanosine

IE

Ionization Energy

IR

InfraRed

LH

Left Handed

NMR

Nuclear Magnetic Resonance

PCA

Principal Component Analysis

PD

Photon Dissociation

RE

Recombination Energy

RH

Right Handed

SEP1

Separator facility 1

SID

Surface Induced Dissociation
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SOMO

Single Occupied Molecular Orbital

SR

Synchrotron Radiation

subP

substance P

T/dT

Thymine/deoxy-Thymidine

UV

UltraViolet

UV1

UltraViolet beamline 1

VUV

Vacuum UltraViolet

WC

Watson-Crick
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Appendix B
Instrumental Section
Since my PhD project has concerned two relatively different projects, I have also used several
experimental setups. Solution phase DNA circular dichroism measurements were done at the UV1
station of the ASTRID storage ring facility at Aarhus University (AU). The gas phase peptide
fragmentation studies were performed on two different mass spectrometers: an accelerator mass
spectrometer (SEP1) at AU, and a Fourier Transform – Ion Cyclotron Resonance (FT-ICR) mass
spectrometer at University of California, Berkeley. In this section the three different setups are
described briefly and the characteristics of the two mass spectrometers are compared.
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Ultra Violet beam line 1 (UV1)
UV1 is an absorption and circular dichroism beam line mounted at the ASTRID (Aarhus STorage
RIng in Denmark) facility. ASTRID can be run as an electron storage ring wherein 580 MeV
electrons circulate and generate synchrotron radiation (SR) at the bending magnets. UV1 is
designed to cover the low photon energy region from about 700 nm to 100 nm. A schematic
drawing of UV1 is shown in Fig. 1. The linearly polarized light passes through a photoelastic
modulator which selects either the right handed (RH) or left handed (LH) component of the light
with a frequency of 50 kHz set by a drive unit. The light reaches the sample cell and a
photomultiplier measures the transmitted light. The photomultiplier is synchronized with the drive
unit which makes it possible to separate the RH and LH signals.

.

Fig. 1. A schematic drawing of UV1.
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Separator 1 Facility (SEP1)
SEP1 is an accelerator tandem mass spectrometer. It consists of an ion-source, a series of guiding
optics with differential pumping, an accelerator tube, an electro-magnet, two collision cells, an
electrostatic analyzer (ESA), and a channeltron detector. A schematic drawing is shown in Fig. 2.
Each section will be discussed briefly below.

Fig. 2. A schematic drawing of the separator facility, SEP1

The molecules are ionized by electrospray ionization (ESI). This method was developed for making
large molecular ions in the gas phase. A liquid is pushed through a very small charged metal
capillary (~5 kV). This liquid contains the analyte, dissolved in a large amount of solvent. As like
charges repel, the liquid pushes itself out of the capillary and forms a mist or an aerosol of small
droplets. The droplets move towards a heated capillary through atmospheric air due to a potential
difference between the needle and the capillary. As the solvent in the small droplets evaporate in the
capillary the charged analyte molecules are forced closer together. The droplets become unstable
and explode. This is referred to as Coulombic fission because it is the repulsive Coulombic forces
between charged analyte molecules that drive it. This process repeats itself until the analyte is free
of solvent and is a bare ion. After their formation the ions pass a series of focusing optics and are
accelerated to a kinetic energy of 50 keV per charge. The ions of interest (Mn+) are selected
according to their mass to charge ratio by an electromagnet. Upon selection one of several things
can be done:
i)

Collision induced dissociation (CID). Molecular ions are collided with noble gas atoms
(e.g. Ne) and become collisionally activated, which results in fragmentation.

M n + + Ne → M n +∗ + Ne
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ii)

Electron Capture Induced Dissociation (ECID). Molecular ions capture electrons from
alkali metal atoms (Cs) and fragment.

M n + + Cs → M ( n −1) +∗• + Cs +
iii)

-

Charge reversal (+CR ). Singly charged molecular cations undergo charge reversal after
transferral of two electrons from alkali metal atoms (Cs). Fragmentation can occur in
both collisions.

M + + Cs1 + Cs 2 → M −∗ + Cs1+ + Cs 2+
iv)

Electron Stripping (ES). Molecular cations are collided with molecular oxygen that
removes an electron from the ion, resulting in fragmentation.

M n + + O2 → M ( n +1) +∗• + O2−
v)

Neutralization Reionization (NR). Singly charged cations undergo neutralization after
colliding with alkali metal atoms (Cs), after which they are collide with molecular
oxygen and become reionized. Both reactions can led to fragmentation.

M + + Cs + O2 → M ∗ + Cs + + O2 → M +∗ + Cs + + O2−
For all the above mentioned processes I have chosen a cation to illustrate the reaction. SEP1 can
also be run in negative mode and process i and ii can also be performed using anions. The product
ions are separated according to their kinetic energy to charge ratio by a computer controlled
hemispherical ESA. The ions are detected by a channeltron detector.

Fig. 3. A schematic drawing of ESI. The formation of charged droplets at the end of the needle, evaporation of
solvent and the generation of bare molecular ions

86

Fourier Transform Ion Cyclotron Resonance (FT-ICR)
The appartus consists of an ion source, a series of guiding optics with differential pumping, and a
ion trap (where both excitation and detection is performed) (see Fig. 4) surrounded by a strong
(several Tesla) magnetic field. For manipulating the ions the setup can be equipped with gas inlets
(for CID), electron filaments (for electron capture dissociation) or lasers (for e.g. IR spectroscopy).
The ion source at Berkeley was a nanospray–electrospray ionization (nano-EIS) system.
Nano-ESI is a development of ESI, which is able to produce beams from very low concentration
samples. The spray setup is a glass capillary pulled in the form of a needle that has an aluminum
wire, at high voltage, inside it. After focusing the ions are trapped inside a Penning trap where they
are equilibrated at a chosen temperature by collisions with a buffer gas (state I at Fig. 4). Penning
traps use a magnetic field to confine the ions radially and a quadrupole electric field to confine the
ions axially. The combination of both a magnetic and an electric field gives a complicated ion
trajectory, but the dominating motion is the circulation caused by the magnetic field, and the ions
can be characterized by their cyclotron frequency (depending on their mass to charge ratio). For
electron capture a heated filament is used to produce thermal electrons in the cell, resulting in
capture and subsequent fragmentation (state II at Fig. 4). The ion trap is divided into four plates:
two for excitation and two for detection. An RF field can be applied to these plates and for detection
the ions are first excited into a larger orbit to bring them closer to the detection plates. Every time
they pass the detection plate a current is induced and a signal is measured. The induced current is an
oscillating signal over time which can be Fourier transformed into a mass spectrum. The use of an
induced current for detection has the advantage that it is non-destructive and sequential
measurements can be made.

Fig. 4. A schematic drawing of an FT‐ICR setup including the different states of the ion bunch. From right; the
electron filament, the cell with excitation and detection plates, and the results in form of a transient signal
which can be Fourier transformed to a mass spectrum. The three different states of the ion bunch is: I) the
molecular ions are cooled, II) the ions capture electrons and fragment, and III) the ion bunch is excited for
detection.
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Comparisons
The time scales and energies involved after electron capture in the two mass spectrometric setups
are very different which is highlighted in table 1. The time scale for excitation determines the
excitation process. For FT-ICR experiments the electrons are allowed to react with the molecular
ions for µs-ms, which allows the geometry of the ion to change to a structure that is optimal for the
charge reduced ion and the transfer is adiabatic. In contrast, for SEP1 experiments the electron is
transferred in a high energy collision and the reaction time in the collision cell is fs so the molecular
ion does not have time to change structure, and hence the transfer is vertical and the final electronic
state depends largely on a good Frank-Condon overlap between it and the ground state. Not only are
the two processes observed different but the fragmentation times also differ dramatically, from ms
in an FT-ICR down to µs for SEP1. This makes it possible to observe different stages of the
fragmentation process. Another very important factor for determining the behavior of any system is
the energy deposited. Since, the capture in an FT-ICR cell is adiabatic, the capture is to the
continuum and the full recombination energy (RE) is transferred. At SEP1 the capture depends on
the ionization energy (IE) of the alkali metal and the amount of kinetic energy (T) transferred during
the collision. Since T has a broad distribution the capture state of the electron has many possibilities
ranging from the ground state up.

FT-ICR

SEP1

µs - ms

fs

Excitation process

adiabatic

vertical

Fragmentation time

ms

Excitation time

Energy deposit

µs
2+

RE(M )

2+

RE(M ) - IE(Cs) - T

Table 1. Comparisons of the excitation time, excitation process, fragmentation time and energy deposit after
electron capture in a FT‐ICR setup and SEP1.
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Abstract
Absorption and synchrotron radiation circular dichroism (SRCD) spectra of nucleosides and locked nucleosides containing either the adenine
and thymine nucleobase were measured in the ultraviolet and vacuum ultraviolet (down to 176 nm) regions. The CD spectra strongly depend on
the chemical structure of the sugar and the introduction of a methylene bridge that locks it into a specific conformation. Spectra of compounds
with different configurations at the sugar atoms shed light on what determines the sign and intensity of the CD bands.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Synchrotron radiation; Circular dichroism; Absorption spectroscopy; Vacuum ultraviolet; Locked nucleosides

1. Introduction
Circular dichroism (CD) spectroscopy is extensively used in
conformational analysis of optically active biological molecules,
such as proteins, peptides and nucleic acids in the solution
phase [1–6]. Nucleic acid duplexes of A and B type structures
exhibit characteristic positive and negative peaks at specific
wavelengths in the ultraviolet region of their CD spectra. A
change in relative intensity of these peaks due to chemical modification at any nucleotide site is qualitatively related to changes
in A–B type structural pattern [7]. In general, the overall structure of the nucleic acid duplexes is determined by conformations
of the flexible ribose/deoxyribose sugar rings [8]. To understand
the origin of the CD spectral changes due to chemical modifications at specific sites of nucleic acid duplexes, it is essential to
investigate the spectra of modified nucleotides.
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Nucleic acids in which one or more of the nucleotide sites
are altered incorporating methylene bridges between O2 and
C4 atoms of their ribose sugars, popularly known as locked
nucleic acids (LNAs) [9], have attracted a lot of attention in
recent years [10–13]. Oligonucleotides containing such modified sugar moieties exhibit remarkable helical thermal stability when hybridized to complementary DNA or RNA without
detectable reduction in sequence selectivity [14–16]. Furthermore, the melting temperature of a modified duplex is enhanced
by about 4–9 ◦ C for incorporation of each modified nucleotide
compared to unmodified duplexes [16]. Although CD spectroscopy in the UV region (shorter wavelength limit ∼190 nm)
along with proton NMR spectral data has been used to investigate the conformations of LNA:DNA duplexes [17,18], to our
knowledge the effects of such methylene locking in the sugar
moiety on the CD spectral features of individual nucleosides
have not been investigated so far.
In a recent paper we demonstrated that CD spectroscopy in the
vacuum ultraviolet (VUV) region using synchrotron radiation
(SR) provide unprecedented detailed signatures of the conformational changes of sugars, nucleosides and mononucleotides
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whereas the locked sugars are fixed in C3 -endo (LNA-A and
LNA-T) and C2 -endo (LNA-T ) type conformations.
2. Experimental part

Scheme 1. Structures of the compounds under study.

due to changes of pH and temperature of the medium [19]. The
advantage of synchrotron radiation for such experiments is the
large available photon fluxes in the VUV where absorption is
strong [20]. The current work is a continuation of this theme with
the goal of obtaining a fundamental understanding of the governing factors for VUV CD bands of the basic building blocks
of DNA and RNA. Nucleosides have been extensively studied
by circular dichroism together with calculations of rotational
strengths demonstrating large dependences on sugar conformation and rotation about the glycosidic bond on the UV CD bands
[21–29]. However, there is sparse literature on the spectral signatures in the VUV region [19,28]. Here we report absorption
and SRCD spectra of nucleosides having purine (adenine) and
pyrimidine (thymine) bases, and we analyze the spectral effect
for incorporation of methylene internal locking in the sugar
moiety between O2 and C4 and between O2 and C5 . The
compounds chosen for study are shown in Scheme 1. The importance of the nucleobase being in its ␣ or ␤ position (nucleobase
down or up relative to the C5 atom of the sugar ring orientation
in Scheme 1) was also investigated for thymidine (dThd). In the
case of unlocked sugars, there is an equilibrium between the
C2 -endo and C3 -endo furanose conformations, cf. Scheme 2,

Scheme 2. Furanose conformations.

Absorption and SRCD spectra were collected on beamline
UV1 at ASTRID, part of the Institute for Storage Ring facilities, the University of Aarhus, Denmark [30,31]. The beamline
was calibrated for wavelength and optical rotational magnitude
at the beginning of each fill of the storage ring (once a day).
Adenosine (ade) and thymidine (dThd) were purchased from
Sigma–Aldrich. Locked forms of the nucleosides were synthesized according to Ref. [9b,c]. All compounds were on solid
form. Known amounts of compounds (measured on a scale)
were dissolved in deionized water or 10 mM phosphate buffer
to a concentration of 5 mM. Measurements were done at pH 2,
6–7, and 10. Spectra for baseline subtraction were recorded of
deionized water, 5 mM NaH2 PO4 /5 mM Na2 HPO4 , and 5 mM
Na2 HPO4 /5 mM Na3 PO4 . Samples were measured in 100-m
path-length Suprasil open cells (Hellma GmbH & Co KG). In
all cases at least five sample and three baseline spectra were
collected at 20 ◦ C using a dwell time of 2 s and with 1-nm step
size. The limit for the lowest wavelength was determined by the
absorption of water, the buffer, and the solute.
Also, for some of the compounds spectra were collected at
several temperatures ranging between 5 and 90 ◦ C. A spectrum at
the initial temperature was recorded after the high temperature
experiment to test for reproducibility. A 100-m closed cell
was used for the temperature dependent measurement to limit
evaporation of the sample at high temperature.
All the spectra were averaged, baseline subtracted and
slightly smoothed with a Savitzky-Golay filter using the CD
data processing software CDTool [32].
3. Results and discussion
3.1. Absorption spectra
Absorption spectra of adenine nucleosides are shown in
Fig. 1. The bands are predominantly due to strong ππ* transi-

Fig. 1. Absorption spectra of adenine nucleosides at two different pH values (2
and 6). At pH 6, the adenine nucleobase is neutral whereas it is protonated at
pH 2.
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Fig. 3. SRCD spectra of ␤-Ado and LNA-A at pH 7.
Fig. 2. Absorption spectra of thymine nucleosides in pure water (pH 6). The
nucleobase is neutral.

tions in the nucleobase moiety [28,33], the nπ* transitions being
much weaker. It is evident from Fig. 1 that protonation of adenine only slightly changes the band maxima and the oscillator
strengths: the 260-nm band is blueshifted to 257 nm whereas
the bands centered at 205/206 and 190 nm maximally change
by 1 nm. There is, however, a decrease of the latter two bands
in intensity upon adenine protonation. In addition, spectra of
locked forms are nearly identical to those of unlocked sugars.
We note that the absorption of the phosphoric acid solution is
insignificant compared to the absorption of the solutes: at the
lowest wavelength limit of 177 nm where the absorption of the
water and buffer are strongest, the absorption of water is almost
two orders magnitude less than that of the solute and the absorption of the buffer is more than one magnitude less than that of
the solute.
A comparison of the absorption spectrum of adenosine with
that previously published for adenine [34] reveals that sugar
substitution at the N9 position of the adenine ring via the
glycosidic linkage causes significant perturbations on the electronic transition energies of the adenine molecule. Particularly,
the band at 190 nm of adenosine results due to the presence
of the sugar moiety since it is absent in the spectrum of the
adenine base itself. The perturbation is more on the transitions
belonging to the five-member imidazole ring, which appear at
higher energies compared to the transitions belonging to the sixmember ring, although the two rings are fused in the molecule
[35].
In the case of locked and unlocked thymine nucleosides, the
spectra are also quite similar with band maxima varying within
3 nm (Fig. 2). It plays hardly any role whether the anomer is
␤ or ␣ as evidenced from the spectra of ␣-dThd and ␤-dThd.
In summary, nucleobase protonation, locking of the sugar, or
changing the configuration between ␣ and ␤ have little effect on
the absorption.

The spectrum features with two intense positive bands in the
VUV centered at 181 and 199 nm, and two negative bands having maxima at 217 and 257 nm. The negative band at 257 nm is
very broad compared to the other bands. The spectrum of adenosine measured under the same experimental conditions (Fig. 3)
is dramatically different from that of LNA-A. The longest wavelength band is affected least: the sign of the band remains the
same, but the peak is about 10 nm redshifted. Earlier, this band
has been proposed to be the overlap of at least three transitions
[36,37], and because of locking the shorter wavelength components of the band appear to be more intense. The bands in the
VUV region are affected to the largest extent, and the sign of
the CD signals are reversed. The peak of the <178-nm negative
band of adenosine appears about 5 nm redshifted in the locked
nucleoside, and the weak negative band at 217 nm of the former
turns into a large negative band in the spectrum of the latter.
As mentioned above, the methylene bridge in the sugar moiety does not have significant impact on the ππ* transition energies of the base moiety, but the conformational change induced
by such a bridge strongly affects the CD active bands.
In Fig. 4 we have presented a comparison of the CD spectra of LNA-A at four different pH values of the solutions. On
lowering pH from 7 to 2, the longest wavelength broad peak
remains almost unaltered. The negative band at 217 nm becomes
slightly more intense and undergoes a redshift of about 2 nm.
However, significantly large changes are noticed for the bands
below 200 nm. The positive band at 198 nm is switched over to

3.2. SRCD spectra of adenosine (β-Ado) and locked-sugar
adenosine (LNA-A)
The SRCD spectrum of LNA-A in aqueous solution at pH
7 in the spectral range of 170–300 nm is presented in Fig. 3.

Fig. 4. SRCD spectra of LNA-A at different pH values.
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an intense negative band, and the intensity of the 181-nm band
exhibits about four-fold enhancement and a redshift of nearly
3 nm. This amazingly large pH sensitivity of these two CD bands
indicates that their rotational strengths depend on the protonation state of the adenine ring. The spectrum at low pH of LNA-A
also shows little resemblance with that previously published of
␤-Ado [19].
At pH 2, the ionized form of adenine dominates because the
pKa value of protonated adenine is ∼3.8. Since the energy of the
nonbonding orbital is lowered on protonation, adenine protonation is likely to have the largest influence on the energies of the
nπ* transitions that involve a nitrogen lone pair. The CNDO-CI
calculation of Hug and Tinoco [38], which considers only the
valence electrons, predicts that the three highest energy nonbonding molecular orbitals of the adenine base consist of the
lone-pair electrons on N1 and N3, N1 and N7, and N3 and N7.
Therefore, protonation of the N1 atom is expected to have a direct
influence on the two highest energy nπ* electronic transitions.
The ππ* transition energies are also expected to be affected
because of overall change in electron density over the aromatic
ring, but the effect is usually much smaller compared to the
former.
Recently, we reported the SRCD and absorption spectra of a
few selected adenosine mononucleotides at different pH of the
medium [19]. Observing the pH sensitivities of band positions
in those spectra we proposed in agreement with some earlier
suggestions that most of the CD active transitions are nπ* in
nature [24], although the ππ* transitions dominate the absorption spectra. Since the absorption spectra of LNA-A and ␤-Ado
are practically similar, we label the pH sensitive CD bands of
LNA-A also as mostly nπ* type transitions. Along this line, a
comparison between the CD and electronic absorption spectra
of LNA-A reveals that the peak positions do not match. The transitions of the CD active bands appear to be hidden in the broad
envelopes of the strong ππ* absorption bands, and the mismatch
is more for the bands in shorter wavelengths.
The spectrum of LNA-A at pH 10 is similar to that at pH
7 except for a decrease in the band intensities below 230 nm.
Titration back and forth in pH reproduces the spectra, which
implies no irreversible chemical modifications at low and high
pH.

Fig. 5. SRCD spectra of ␣-dThd and ␤-dThd at pH 6.

configuration at C1 for thymine nucleosides is different from
previous observations for nucleosides of adenine. A comprehensive study by Ingwall [25] on the ␣ and ␤ anomers of the
four d-pentofuranosides of adenine revealed that the oppositely
signed CD was observed not for anomeric pairs but for those
nucleosides that are enantiomer-like at C1 , C2 and C3 . This is
most likely due to steric effects since the presence of hydroxyl at
C2 in adenosine influences the sugar-base torsional angle that
strongly determines the rotational strength [21,23]. In accordance with this interpretation, Miles et al. [21a] have observed
that the pair of anomeric 6-methyl-2 -deoxycytidines give nearmirror-image circular dichroism curves in the range from about
210 to 300 nm.
The SRCD spectrum of LNA-T in the aqueous solution of
pH 6 in the same spectral range (170–330 nm) is presented in
Fig. 6, and to show the effect of methylene locking in the sugar
moiety of the molecule, the CD spectrum of the thymine riboside
(␤-Thd) reported by Sprecher and Johnson [28] is included in
the figure. Unlike LNA-A and ␤-Ado, the longest wavelength
broad CD bands of LNA-T and ␤-Thd are positive and the band
maximum appears at 270 nm. The intensity of this band in the
case of LNA-T is nearly three times larger than that of ␤-Thd.
In contrast, the positive band at 194 nm of ␤-Thd is about three

3.3. SRCD spectra of thymine nucleosides
SRCD spectra of the two anomers of thymidine, ␣-dThd
and ␤-dThd, at pH 6 (nucleobase unionized) are presented in
Fig. 5. We note that the spectrum of ␤-dThd is in fine agreement
with that previously published by Sprecher and Johnson [28].
The spectra of ␣-dThd and ␤-dThd are nearly mirror images
of each other, except for a small blueshift of the 272-nm band
and a small redshift of the 192-nm band by 1 nm (␤ → ␣),
which implies that the sign of the signal is determined by the
configuration at C1 of the sugar group to which thymine is
linked. The rotational strengths are, however, different: the CD
signal of ␣-dThd is larger than that of ␤-dThd at high wavelengths whereas the opposite is true at low wavelengths. The
clear inversion of the signs of the CD bands by inversion of the

Fig. 6. SRCD spectra of LNA-T and LNA -T at pH 6. The spectrum of Thd is
reproduced from Ref. [28] (the ε values in the original paper were multiplied
by 0.033 to convert to the units used here).
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Fig. 7. SRCD spectra of LNA-T at 20, 90, and 20 ◦ C after recooling.

times stronger than the 197-nm band of LNA-T. At 175 nm,
LNA-T displays a very intense negative band similar to that of
the unlocked molecule. Also, the features of the two weaker
negative bands that have maxima at 215 and 239 nm appear
practically similar in the two spectra. The apparent small shifts
of their maxima are possibly due to stronger bands in the vicinity.
Another locked form of Thd was studied, LNA -T, in which
the configuration at C2 differs in the oxygen-methylene linker
pointing up instead of down (cf., Scheme 1). Its spectrum is
similar to those of ␤-Thd and LNA-T above 230 nm (Fig. 6).
However, the signal at 215 nm is positive in contrast to that
of the other two. LNA -T has a positive band at 192 nm in fair
agreement with that of ␤-Thd, but displays a strong positive band
with maximum below 176 nm. The data indicate that the sign of
the 215- and 175-nm bands depends on the configuration at C2
(in addition to C1 ), likely due to steric hindrance in the rotation
of the base relative to the sugar group about the glycosidic bond,
as was discussed above.
Taken together, these results also clearly demonstrate that the
nonchromophoric sugar and its configuration largely determines
the CD spectrum of nucleosides in the VUV region.
3.4. Temperature variation
Temperature scans on solutions of locked nucleosides from
20 to 80–90 ◦ C and back again to 20 ◦ C reveal that the intensities
of the CD bands change with temperature but no new spectral
features develop (Figs. 7 and 8). In the case of LNA-T, the signal
is about 10% higher after cooling to 20 ◦ C from 90 ◦ C but otherwise identical to the original spectrum at 20 ◦ C (Fig. 7). The
increased signal is most likely due to evaporation of water from
the cell, and we conclude that LNA-T is thermally stable. Heating of LNA-A to 80 ◦ C results in a decrease of the intensities of
the bands in the VUV and an increase in the UV. After recooling to 20 ◦ C some intensity is recovered in the VUV whereas
the signal in the UV has decreased further. LNA-A is therefore
somewhat thermally unstable.
We have performed similar experiments on ␤-Ado and find
that the rotational strengths are reduced upon heating, but the
SRCD bands are mostly reversible: there is a loss of 10–15%
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Fig. 8. SRCD spectra of LNA-A at 20, 80, and 20 ◦ C after recooling.

Fig. 9. SRCD spectra of ␤-Ado at 5, 85, and 5 ◦ C after recooling.

of the signal by heating the sample from 5 to 85 ◦ C and cooling back again to 5 ◦ C (Fig. 9). The ribose sugar moiety of the
unlocked nucleoside exists in two pseudorotameric forms; C2 endo (S-type) and C3 -endo (N-type) (Scheme 2) [39]. Quantum
mechanical calculations predict that the relative stability of these
two forms is nearly the same, and that they are separated by a low
energy barrier (∼2 kcal/mol) [40]. Therefore, in aqueous solution in the temperature range of our measurement the two forms
are always present in equilibrium mixture. Furthermore, there
are suggestions that the rotational strengths depend on the relative values of the torsional angles between the sugar and base
planes [21,23,26]. The conformational distribution among the
isomers, which results due to this torsional motion, increases
with temperature. All these factors contribute to lowering of
rotational strength of the adenosine solution at higher temperature. The observed regaining of most of the original rotational
strength at low temperature of adenosine indicates that energy
barriers for pseudorotation of the sugar moiety and internal rotation between the sugar and base rings are low.
4. Conclusion
SRCD experiments on nucleosides and locked nucleosides
reveal that the configuration of atoms in the sugar moiety
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immensely influences the spectra, both in the position of the
CD bands, their intensities and signs, and that the differences
are largest in the VUV region. This study supports the interpretation that the CD bands are mainly due to nπ* transitions in the
nucleobase, based on a comparison between the absorption and
CD spectra and the spectral changes upon adenine protonation.
The origin of several bands has been pinpointed from comparisons of spectra of nucleosides differing in the configurations
at chiral carbons in the sugar moiety. Thus, the configuration
at C1 (␣ and ␤ anomers) determines the sign of all CD bands
between 175 and 300 nm and that of C2 the two bands at 175
and 215 nm in the case of thymidine nucleosides.
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Synchrotron radiation circular dichroism (SRCD) spectra of 10- and 20-mer single- and doublestranded DNA were measured in the ultraviolet (UV) and vacuum ultraviolet (VUV). The
occurrence of base pairing is most easily detected in the VUV region where the signal is
highest, and SRCD is therefore a useful analytical technique to study DNA hybridization and
melting. As an example, we have explored the complexation between dA10dC10 and dG10dT10
and between dA10dC10 and dT10dG10; in the first case a duplex that contains 20 base pairs is
formed whereas in the second case dimers with maximum ten base pairs are formed. Structural
inhomogeneosity in the latter case is revealed from the melting curve.

1 Introduction
Circular dichroism (CD) spectroscopy is extensively used in the study of nucleic acids [1-7],
e.g., to identify A, B and Z-type structures of duplexes. It has been found that the signal
intensities in the VUV region are significantly larger than those in the UV region and VUV-CD
therefore provides even more detailed information on folding motifs such as base-base
interactions (stacking and Watson-Crick pairing) and relative orientation of bases than UV-CD
[8-11].
In our experiments we use a synchrotron radiation source which delivers large photon
fluxes in the VUV region where absorption is strong. This enables us to record VUV-CD
spectra down to about 175 nm with better statistics compared to spectra measured with
conventional CD spectrometers. We have earlier studied nucleosides, nucleotides and DNA
single strands of adenine and thymine in this way [12-15]. Here we have extended the work to
include hybrids of DNA strands, and we find in agreement with others that G•C base pairing
can easily be distinguished from A•T base pairing. DNA single strands under study are dA10,
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dC10, dT10, dG10, dA10dC10, dT10dG10, dG10dT10, and mixtures to elucidate complexation.
Experiments were also performed on the d(CTGCTTCTGC):d(GCAGAAGCAG) duplex, and
the change in thermal stability by replacement of the four thymine nucleosides in one strand by
locked nucleosides (LNA) was investigated.

2 Experimental
SRCD spectra were obtained at the beam line UV1 at the ASTRID storage ring facility in
Aarhus, Denmark. At the beginning of each filling the set-up was calibrated for wavelength and
optical rotation magnitude. DNA oligonucleotides were purchased from DNA Technology,
Aarhus, Denmark and locked nucleic acids were synthesized according to ref. [16a,b]. Known
amounts of sample were dissolved in a 10 mM phosphate buffer (pH 7.4) that contained 100
mM sodium fluoride. DNA hybrids were formed by heating to 80 oC followed by slowly
cooling of the sample. Spectra recorded at 20 oC were measured using a quartz cell type QS124
with a path length of 0.1mm (Hellma GmbH, Germany), and for temperature scans a 0.1-mm
closed cell was used. All the spectra were averaged, baseline subtracted and slightly smoothed
with a Savitzky-Golay filter using the CD data processing software CDTool [17].

3 Results and Discussion
SRCD spectra of dG10, dC10, and a mixture of dG10 and dC10 are shown in Fig. 1a. Hybridization
between dG10 and dC10 is observed since the sum of the two spectra of the individual strands,
S(dG10) and S(dC10), does not account for the spectrum of the mixture, S(dG10+dC10) (Fig. 1a).
The difference spectrum, S(dG10+dC10) – [S(G10) + S(dG10)], exhibits a positive signal with
maximum at 187 nm and a negative signal with maximum less than 176 nm (Fig. 1b) in
agreement with previous work on double-stranded DNAs that contain G•C base pairs [18-24].
The large positive peak at 187 nm is characteristic of right-handed double-helical DNAs (Bform). In the UV region, the difference signal is much smaller, and this region is therefore
much less sensitive to hybridization.
A similar experiment was performed for dA10, dT10 and a mixture of these two
oligonucleotides (Fig. 2). Again, the spectrum of dA10 mixed with dT10, S(dA10+dT10), cannot be
reproduced from the individual spectra, S(dA10) and S(dT10), and hybridization between dA10
and dT10 is easily revealed in this case both from UV-CD and VUV-CD. The difference
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spectrum obtained from subtraction of the CD spectra of the single strands from the CD
spectrum of the mixture (Fig. 2b) has positive bands at 175 nm and 202 nm and is very similar
to that reported for double strands of DNA with A•T base pairs and RNA with A•U base pairs
[21,25-29].
Experiments were also carried out for mixtures of dA2 and dT2 and of dA4 and dT4. For
the dimers no complexation was observed. The tetramers exhibit a hybrid signal, but it does not
resemble the one for the 10-mers since the strands are too small for proper double helix
formation.
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Figure 1. (a) SRCD spectra of dG10 (0.18 mM), dC10 (0.18 mM), the 1:1 mixture and the
spectrum calculated from the individual spectra. (b) The residual spectrum for dC10+dG10 after
subtraction of the calculated spectrum.
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Figure 2. (a) SRCD spectra of dA10 (0.15 mM), dT10 (0.21 mM), the 1:1 mixture and the
spectrum calculated from the individual spectra. (b) The residual spectrum for dA10+dT10 after
subtraction of the calculated spectrum.
Next, we consider the oligonucleotides dA10dC10, dG10dT10, and dT10dG10 and complexes
between them. The dA10dC10 oligomer can hybridize with dG10dT10 to form a DNA duplex (Fig.
3). On the other hand, half of the nucleobases in dA10dC10, at maximum, can base pair with their
complementary nucleobases in dT10dG10, but polymerization is possible (Fig. 3). The CD
spectra of the three single strands are shown in Fig. 4a. Interestingly, S(dG10dT10) is different
from S(dT10dG10) which implies that not only the number of nucleotides and their nature matter
for the CD, also the sequence plays a significant role. Spectra obtained from mixing dA10dC10
with dG10dT10 and dA10dC10 with dT10dG10 are very similar above 200 nm but display large
differences in the VUV (Fig. 4b). Subtraction of the individual spectra from the spectra of the
mixtures provides the residual-signal spectra shown in Fig. 4c. The two residual-signal spectra
resemble each other in the UV region, and the signal is ascribed mainly to A•T base pairing
from a comparison with Figs. 1b and 2b. The residual signals differ, however, significantly in
the VUV region: A much larger degree of G•C base pairing in dA10dC10+dG10dT10 compared to
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that in dA10dC10+dT10dG10 is evident from the strong residual signal at 185 nm in the spectrum
of the former. The residual signal is positive at 175 nm for dA10dC10+dT10dG10, which is
characteristic for A•T base pairing in contrast to G•C base pairing. There is a strong residual
signal at 190 nm which is most likely due to increased base stacking interactions of the adenines
in the double strand compared to the single strand [14]. Taken together, CD in the UV and VUV
has revealed that the complex between dA10dC10 and dG10dT10 involves both A•T and G•C base
pairing in accordance with a double-helix structure, whereas complexation between dA10dC10
and dT10dG10 mainly involves A•T base pairing. When the two sample mixtures were heated to
85oC, the signal at 190 nm decreased (Fig. 5). From the CD signal as a function of temperature,
the melting temperature of dA10dC10:dG10dT10 is found to be about 80oC. A more gradual
change in the signal for the complex between dA10dC10 and dT10dG10 is found, which reflects
structural inhomogeneosity. Hence there are most likely many different structures present in the
solution, e.g., complexes that differ in the number of base pairs from one to ten.

Figure 3. Possible complexations between dA10dC10 and dG10dT10 and between dA10dC10 and
dT10dG10.
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Figure 4. (a) CD spectra of dA10dC10 (0.10 mM), dT10dG10 (0.23 mM) and dG10dT10 (0.10 mM).
(b) CD spectra of dA10dC10+dG10dT10 (0.10 mM and 0.10 mM) and dA10dC10+dT10dG10 (0.08
mM and 0.23 mM). (c) The residual signals for dA10dC10+dG10dT10 and dA10dC10+dT10dG10
after subtraction of individual spectra.
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Figure 5. Melting curves for the complex between dA10dC10 and dG10dT10 and that between
dA10dC10 and dT10dG10.

6

In another experiment we mixed two complementary DNA strands, d(CTGCTTCTGC)
(DNA1) and d(GCAGAAGCAG) (DNA2) that each contain 10 bases, and recorded the SRCD
spectrum of the solution at low and high ionic strength (Fig. 6). The largest signal is in the
VUV, and changes due to hybridization are therefore expected to be most easily monitored in
this region. More hybrids are formed at high ionic strengths (100 mM NaF) since the
importance of Coulomb repulsion between the negatively charged phosphate groups is reduced
by the counter ions. This effect is quite evident in the VUV where the band at 190 nm increases
by more than 50 % upon salt addition. At higher temperature, the signal intensity is again
lowered and most so in the VUV (Fig. 7). A principal component analysis indicates that only
two basis spectra are needed to reproduce all the spectra taken at different temperatures, which
suggests that the melting can be accounted for by a two-state model, either the two strands are
together or separated. From the intensity decrease of the 190-nm band with temperature we find
the melting temperature to be about 55oC (Fig. 8). Finally, we looked at the LNA1:DNA2 hybrid
in which all the thymines in one strand have been replaced with locked thymine nucleosides. As
expected, we find that a higher temperature of 75 oC (lower limit) is needed for the melting of
the LNA1:DNA2 duplex (Fig. 8) since the gain in entropy upon melting is less than that for the
corresponding DNA1:DNA2 duplex [28,29].
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Figure 6. SRCD spectra of the DNA1 and DNA2 mixture at high and low ionic concentration of
NaF.
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Figure 7. Temperature variation of the CD spectra of the DNA1:DNA2 duplex.
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Figure 8. Melting curves for DNA1:DNA2 and LNA1:DNA2.

4 Conclusion
In conclusion, synchrotron radiation circular dichroism is a strong tool to elucidate interactions
between bases in DNA duplexes, and the signal-to-noise ratio is high in the VUV region since a
synchrotron source provides large photon fluxes, which compensates for strong absorption in
this wavelength region. Importantly, signals due to hybridization are strongest in the VUV. In
future experiments, we aim at disentangling the signal due to base pairing from that due to πstacking of the bases.
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Strong coupling between adenine nucleobases in DNA single strands revealed by circular
dichroism using synchrotron radiation
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2

Circular dichroism 共CD兲 experiments on DNA single strands 共dAn兲 at the ASTRID synchrotron radiation
facility reveal that eight adenine 共A兲 bases electronically couple upon 190 nm excitation. After n = 8, the CD
signal increases linearly with n with a slope equal to the sum of the coupling terms. Nearest neighbor
interactions account for only 24% of the CD signal whereas electronic communication is limited to nearest
neighbors for two other exciton bands observed at 218 and 251 nm 共i.e., dimer excited states兲. Electronic
coupling between bases in DNA is important for nonradiative deexcitation of electronically excited states since
the hazardous energy is spread over a larger spatial region.
DOI: 10.1103/PhysRevE.77.021901

PACS number共s兲: 87.14.G⫺, 82.39.Pj, 33.20.Ni, 33.55.⫹b

The “communication” between different nucleobases in a
DNA molecule is of great importance in various research
fields and has spurred the interest of both theorists and experimentalists. In molecular electronics, electronic coupling
between nucleobases is the basis for the use of DNA as a
conducting nanowire 关1兴, though opinions vary from DNA
being an insulator to being a semiconductor to a good conductor 关2–4兴, and under some conditions even a superconductor 关5兴. Biologically, damage to DNA by free electrons
may not be located on the initially charged nucleobases due
to large electronic coupling between bases 关3,6兴. Also the
nature of excited states of DNA bases is important for the
photostability of DNA with respect to uv damage. One protection mechanism is fast nonradiative relaxation to the electronic ground state 关7兴, and another is delocalization of the
excitation energy over several nucleobases to prevent subsequent photochemical reactions 关8,9兴. Therefore the electronic
coupling between nucleobases in DNA is essential for nonradiative deexcitation of electronically excited states 关8,9兴.
The formation of excimers in which the excitation energy is
shared between two stacked bases limits the excitation energy to one strand at a time, leaving the other strand undamaged. The actual number of bases that couple in the excited
state is therefore an important parameter, but hard to measure, and our current knowledge relies to a large extent on
theoretical models 关9–12兴. In general, a proper description of
electron delocalization is a very complex problem that depends on the base sequence and the folding motif of the
strand 共base stacking and base pairing兲.
Whether the singlet excited states are localized on a single
base or delocalized over several bases has been under much
debate 关13–15兴. In this work, we use circular dichroism spectra recorded at the ASTRID synchrotron radiation facility in
Aarhus 关16兴 to show that the electronic coupling between
adenine bases is to a good approximation limited to two
nucleobases for excitation wavelengths above 200 nm, but
extends up to about eight bases for the electronic transition at
190 nm. The advantage of synchrotron radiation for such ex-

*kumesh@phys.au.dk
1539-3755/2008/77共2兲/021901共4兲

periments is the large available photon fluxes in the vacuum
ultraviolet 共vuv兲, where absorption is strong. We believe that
this is the first time information on the spatial electronic
coupling has been provided by vuv excitation.
Absorption and circular dichroism spectroscopy of oligonucleotides in aqueous solution at neutral pH was carried out
to probe the evolution of the signals as a function of length
of the oligonucleotide. The samples used were 共adenosine
5⬘-monophosphate兲 共dAMP兲 and oligonucleotides of adenine
共dAn with n = 2 – 30兲 that form stacked single-helical structures at neutral pH in B-type DNA conformation 关17–20兴.
All the oligonucleotides were purchased from DNA technology, Aarhus, and the mononucleotides from SigmaAldrich. The concentrations were determined using the calculated extinctions coefficients at 260 nm by the nearest
neighbor method 关21,22兴. The nucleotides were dissolved in
10 mM phosphate buffer at pH 7.4 and 100 mM of NaF.
However, the presence of salt did not affect our results and
neither did the temperature 共between 5 and 85 ° C兲. The typical concentration of the oligomers was 5 mM for the monomers and ranged between 0.5 and 0.1 mM for the longer
ones. A quartz cell type QS124 with a path length of 0.1 mm
共Hellma GmbH, Germany兲 was used for the measurements.
The experiments were performed at the UV1 beamline at the
ASTRID synchrotron radiation source at University of Aarhus, Aarhus, Denmark. The same setup was used for measuring the absorption and circular dichroism 共CD兲 spectra. The
details of the setup are given elsewhere 关23,24兴. The range of
wavelengths used was between 170 and 330 nm.
Spectra of dAMP and dA2 are shown in Fig. 1共a兲. The
absorption in the vuv region is significantly larger for the
dinucleotide than for the mononucleotide. This we ascribe to
the influence of one adenine molecule on the other to give a
mixed dimer state, that is, the excited states of the dimer are
linear combinations of the excited states of each monomeric
chromophore. The result is two new states that are shifted in
energy by equal amounts from the excitation energy of the
monomer. Evidence of such exciton coupling becomes even
clearer in the CD spectrum of dA2 from the strong negative
and positive bands at 182 and 194 nm with nodal point in
between at about 188 nm. The CD signal of dAMP in this
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FIG. 1. 共Color online兲 共a兲 Absorption per nucleobase of dAMP
and dA2.共b兲 CD spectra of dAMP and dA2. 共c兲 CD spectra of dAn.

region is much smaller. Nodal points at about 213 and
241 nm are also signatures of two other exciton splittings in
dA2. It appears that an exciton node is present at 260 nm for
dA2, but a comparison with the higher-polymer CD spectra
reveals that the node is at 241 nm with the positive exciton
band mixed with the positive exciton band centered on
213 nm 关Fig. 1共b兲兴. We note that these spectra are similar to
previously published spectra 关25,26兴, and to the pioneering
measurements of Johnson and Tinoco that showed significant
coupling between adjacent bases in a stack 关27兴.
No new spectral features appear upon an increase in the
length of dA2 up to n = 30 关Fig. 1共c兲兴, except for a change in
the magnitude of the signals and a small shift of the band
positions. This finding indicates that no new states contribute
to the CD. The nature of the transitions at 190, 218, and
251 nm is explored by considering how they depend on the
size of the oligomer. First, the CD signals at 218 and 251 nm
increase linearly with n with a slope close to the signal of
dA2 关Fig. 2兴, which indicates that only nearest neighbor interactions between adenines play a role for the coupling in
the excited state. On the other hand, we observe that the
signal at 190 nm is nonlinear up to about n = 8, and after that
it becomes linear 关Fig. 3共a兲兴. Hence a maximum of about
eight adenines electronically couple in the excited state,
which implies that coupling extending over more than one
helix turn is insignificant. The corresponding negative band
at 177 nm also shows the same trend, but the data at that

FIG. 2. 共Color online兲 CD signal of dAn plotted against n. Excitation wavelength 218 共a兲 and 251 共b兲 nm. The model fits are
linear fits with ␤ = 0 corresponding to the inclusion of only nearest
neighbor interactions in the model described in the text 关Eq. 共2兲兴.

wavelength are less reliable due to strong absorption in water
and as a result a low photon flux.
In order to explain the observed nonlinear behavior in the
CD at 190 nm, we invoke a simple model. We decompose
the coupling into nearest neighbor, next-nearest neighbor,
next-to-next nearest neighbor and so on. For example, the
CD signal 共F兲 of dA3 can be expressed as twice the dimer
signal plus a term due to coupling between all three adenines, and so on. This can be written as
n

F共n兲 = 兺 ai共n − i兲

共1兲

i=1

where ai are coupling elements. We now assume that ai falls
off exponentially with distance,
ai = ␣ exp共− ␤id兲

共2兲

where d is chosen to be the distance between two nucleobases 共3.4 Å兲. From a fit to the 190 nm data, a ␤ value of
0.082 Å−1 was obtained 关Fig. 3共a兲兴. The nearest neighbor
coupling as given by a1 contributes only 24% 关a1 / 共a1 + a2
+ a3 + ¯ 兲兴 to the total coupling 共a1 + a2 + a3 + ¯ 兲; in other
words, 76% of the signal is due to higher-order couplings
共a2 + a3 + a4 + ¯ 兲. If a fit were done only to the high-n data,
extrapolation to low n would result in too low CD signals or
even negative values, since nonexisting coupling terms
would be included. In the case of the 218 and 251 nm bands,
the slope is equal to a1, and the total signal is satisfactorily
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STRONG COUPLING BETWEEN ADENINE NUCLEOBASES…

FIG. 3. 共Color online兲 共a兲 CD signal at 190 nm. The line is a fit
to points corresponding to n ⬎ 8 and the dashed line is a fit to a
model described in the text. The inset displays the plot for lower n
values. 共b兲 Same as 共a兲 with values divided by n.

oretical calculations predicted electron delocalization over at
least two bases 关10–12兴. Furthermore, time-resolved transient absorption experiments pointed to the formation of adenine excimers upon uv excitation 关8兴. Very recent femtosecond time-resolved broadband spectroscopy experiments by
Buchvarov et al. 关29兴 revealed a 1 / e delocalization length
for dAn of 3–4 bases at 270 nm excitation, significantly
larger than the coupling between only two bases found from
our measurements in the uv. However, such a state 共dark
state兲 is likely to be different from the initially excited state
共bright state兲 which is the subject of our study. Clearly, more
experiments are needed to address the actual pathway after
excitation, such as nuclear motions.
We also carried out an experiment on oligonucleotides of
thymine, dTn, and found in this case only dimer interactions
in the vuv 共177 nm兲. Indeed, thymine is known to have the
lowest stacking interaction among the nucleobases. When
thymine is between two adenine molecules in the sequence,
the adenine coupling is also significantly lowered 关30兴.
In conclusion, we have shown that the spatial extent of
electron delocalization in DNA single strands of adenine
highly depends on the energy of the excited state: at 190 nm
excitation, eight adenines electronically couple, whereas the
coupling is limited to two bases for excitation at 218 and
251 nm. From the perspective of a self-protection mechanism, excitation at high photon energies requires large electron delocalization, which according to our experimental results indeed is the case for DNA of adenine.

described by only nearest neighbor interactions.
Recent time-resolved fluorescence spectroscopy with
femtosecond resolution of DNA oligomers suggested that excited states are delocalized over several bases 关28兴 and the-
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Abstract
Absorption and circular dichroism measurements were performed on specifically chosen DNA mononucleotides, dinucleotides and oligonuclotides with combinations of adenine (A) and thymine (T), namely 2 -deoxyadenosine 5 -monophosphate (dAMP), thymidine 5 -monophosphate
(TMP), dApdA, dTpdT, dApdT, dTpdA and dAp(dTp)n dA (n = 1, 2 or 3) to study the importance of electronic coupling between bases for various
bands. The coupling is stronger in the VUV region than in the UV region. In the VUV, it is possible to distinguish between dApdT and dTpdA
sequences whereas in the UV the spectra are almost identical. A simple sequence dependent nearest neighbour model is used to explain the
observations from both types of spectroscopy, underlining the importance of not only the nature of nearest neighbour nucleobases but the sequence
as well.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Synchrotron radiation; Circular dichroism; Absorption spectroscopy; Vacuum ultraviolet; Exciton coupling

1. Introduction
The nature of excited states of DNA bases governs the photostability of DNA with respect to UV damage. One protection
mechanism is fast nonradiative relaxation from excited states to
the electronic ground state [1] and another is delocalisation of
the excitation energy over several nucleobases [2,3] to prevent
subsequent photochemical reactions. Therefore the electronic
coupling between nucleobases in DNA is essential for nonradiative deexcitation of electronically excited states [2,3]. The
formation of excimers in which the excitation energy is shared
between two stacked bases limits the excitation energy to one
strand at a time leaving the other strand undamaged.
Numerous studies, including a series of theoretical works
[4–10], have been performed to look for the signature of elec-
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tronic coupling between bases in various cases of polynucleotide
single and double strands [4–16]. Most of the studies have
focused in the UV region of absorption [13–16], particularly
in and around the 260-nm region. The CD spectroscopic measurements show clear sign of exciton coupling in this region
[15,16]. There have been attempts to look at the effect of
exciton coupling in the absorption [16], but due to the weakness of the coupling and the broad width of the band, such
effects are difficult to see at room temperature. Also as pointed
out by our recent study, the coupling is state dependent and
very strong in states accessed by VUV radiation [17]. In the
present paper we examine the influence of coupling on the
nucleobases as a function of the nearest neighbour. Another
highlight of the work presented here is the sequence dependence
of absorption and CD. Again, in this case, the measurements in
the UV region show very small differences, whereas the signal in the VUV region is very sensitive to the sequence. The
sequence dependence of the CD signal of nucleotide dimers
has already been studied in much detail in the UV region
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[18]. This work extends it to the VUV range and with good
statistics due to high intensity of radiation from synchrotron
radiation sources compared to conventional CD spectrometers
[19–21].
2. Experimental
Absorption and circular dichroism spectroscopy of oligonucleotides in aqueous solution at neutral pH was carried out.
The samples used were mono- and dinucleotides of adenine
and thymine (dAMP, TMP, dApdA and dTpdT), mixed dinucleotides (dApdT and dTpdA) and mixed oligonucleotides
(dAp(dTp)n dA with n = 1, 2 or 3). All the oligonucleotides were
purchased from DNA technology, Aarhus, and the mononucleotides from Sigma-Aldrich. The oligonucleotide samples
contain no salt according to the supplier and the largest “impurity” is uncoupled monomers. Concentrations were determined
from the measured absorbance at 260 nm and calculated extinction coefficients at 260 nm by the nearest neighbour method
[18,22]. The extinction coefficients were calculated at other
wavelengths by Beer-Lambert law. Nucleotides were dissolved
in 10 mM phosphate buffer (NaPi ) at pH 7.4 and 100 mM NaF.
The estimated concentrations of various oligomers are given in
the figure captions. A quartz cell type QS124 with a path length
of 0.1 mm (Hellma GmbH, Germany) was used for the measurements. The experiments were performed at the UV1 beam line
at the ASTRID synchrotron radiation source at the University of
Aarhus, Aarhus, Denmark. The same setup was used for measuring the absorption and CD spectra. The range of wavelengths
used was between 170 and 330 nm. Several scans were acquired
and averaged. A typical CD run lasted for about 35–40 min.
Care was taken to check the consistency between first and last
scan in order to check for possible evaporation of the solvent
or photodegradation. Spectra of buffer and NaF (reference solution) were subtracted from the spectra of the nucleotides for both
absorption and CD measurements.

Fig. 2. Absorption (a) for dAMP/2 (4.02 mM) and dApdA/2 (0.88 mM) (b)
for TMP (6.46 mM), dTpdT/2 (0.69 mM) and dTpdTpdT/3 (0.70 mM) (c) for
dApdT (0.71 mM) and dTpdA (0.73 mM) along with the sum of monomer spectra for comparison. The inset shows the approximate peak positions and exciton
splitting.

3. Absorption spectroscopy
3.1. Monomers and dimers

Fig. 1. Absorbance of buffer and salt solution (10 mM NaPi + 100 mM NaF),
dAMP (4.02 mM) and TMP (6.46 mM).

Absorption spectra of dAMP (2 -deoxyadenosine 5 monophosphate) and TMP (thymidine 5 -monophosphate) after
subtracting the reference solution spectrum are shown in
Fig. 1 along with the reference solution spectrum for comparison. The data below 178 nm are considered unreliable
due to substantial absorption by water. The absorption by the
nucleotides is at least 2.5 times larger than that of the reference solution. The absorption spectra of dAMP and TMP
are in excellent agreement with those previously reported [23].
The detailed assignments of various bands have been discussed
in detail elsewhere [23]. The main features clearly observable in the dAMP spectrum are the bands at 187, 208 and
260 nm and valleys at 195 and 228 nm. For the TMP spectrum, there are bands at 178, 205 and 268 nm and valleys at
188 and 235 nm. We will consider how these features evolve
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TMP, on the other hand, displays very little, if any, difference in the UV region from dTpdT (Fig. 2b). In the VUV
region the 178-nm band increases nearly five times but shows
no sign of splitting or significant broadening. The CD spectroscopy does, however, indicate exciton coupling in this range
(vide infra).
The mixed type dimers dApdT and dTpdA, Fig. 2c, have
identical spectra in the UV range but differ from each other
in the range from 178 to 200 nm. Surprisingly the exciton
splitting observed in dApdA appears to be preserved in both
heterodimers. Hence we conclude, first of all, that in the VUV
region we can distinguish between dApdT and dTpdA, and,
secondly, that the state corresponding to the 187 nm band in
adenine undergoes exciton splitting by the presence of either
A or T in any position. Note that a simple addition of dAMP
and TMP spectra reproduces signal at the 260-nm band but
fails to match the rest of the spectra in the lower wavelength
region.
In the following we will use the spectra of dAMP, TMP,
dTpdA and dApdT as basis spectra, S, for the empirical
calculation of spectra of oligonucleotides and compare with
experiment.

Fig. 3. (a) Absorption spectra for dApdTpdA (0.71 mM) along with the dApdT,
dTpdA and various different ways in which the dApdTpdA spectrum can be
generated for generic spectra. (b) and (c) Spectra for dApdTpdTpdA (0.65 mM)
and dApdTpdTpdTpdA (0.68 mM), respectively.

as we extend the nucleotide with one more nucleoside in the
chain.
Extinction coefficients per nucleobase for dAMP and dApdA
as a function of wavelength are plotted in Fig. 2a. The peak at
260 nm and the shoulder at 208 nm are very similar in both cases.
At 260 nm a small amount of broadening is seen in the dApdA
spectrum which is ascribed to exciton coupling [16]. The dimer
absorbs to some extent at 228 nm in contrast to the monomer.
This could be due to possible increase in the oscillator strength
of the 230-nm n* transition [14,23]. In the VUV region, on the
other hand, the changes are more drastic. As can be seen from the
inset, apart from the nearly 4.5-fold increase in the absorption per
nucleotide in dApdA, the 187-nm band appears to have split into
two equally spaced bands, each shifted by 8 nm (0.3 eV) from
the monomer value of 187 nm (6.6 eV), with the higher energy
transition with highest oscillator strength. It is well known from
CD measurements that exciton coupling occurs at 187 nm [17].
Interestingly, the signal in the VUV of dApdA is significantly
larger than that previously measured of dried films of dApdA
[24,25]. The difference cannot be ascribed to absorption by the
buffer solution or NaF (see Fig. 1).

Fig. 4. VUV and UV CD spectra of dAMP and TMP (a), dApdA, dTpdT and
dTpdTpdT (b) and the mixed dimers dApdT and dTpdA (c).
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4. Circular dichroism measurements
4.1. Monomers and dimers
CD in the VUV and UV range for dAMP, TMP, dApdA and
dTpdT have been extensively studied in the past [10,15]. CD
spectra of monomer S(dAMP and TMP), dimer S(dApdA and
dTpdT) and mixed dimer S(dTpdA and dApdT) are plotted in
Fig. 4(a)–(c). Both dApdA and dTpdT spectra display the signatures of exciton coupling (Fig. 4b). The coupling is seen to be
much stronger in the case of adenine than that of thymine. In the
UV region the two spectra of dApdT and dTpdA show qualitatively the same features but in the VUV there is a clear difference
between the two, which again, indicates that the position of nearest neighbour and not just the type, determines the CD signal
in the VUV region. An attempt to generate dApdT and dTpdA
spectra using the dApdA and dTpdT spectra is successful only
above 216 nm.
4.2. Oligonucleotides
The spectra for dApdTpdA, dApdTpdTpdA and
dAp(dTp)3 dA are plotted in Fig. 5(a)–(c), respectively.
The nearest neighbour method using both dApdT and
dTpdA interaction reproduces the observed CD spectra for
dAp(dTp)n dA (n = 1, 2, 3) (Fig. 5). Thus, the spectrum of
dAp(dTp)n dA can be reproduced from the sum of spectra,
S(dAp(dTp)n dA) = S(dApdT) + S(dTpdA)
+S(dTn ) − 2 × S(TMP).
Fig. 5. CD spectra for the oligonucleotides dApdTpdA (a), dApdTpdTpdA (b)
and dApdTpdTpdTpdA (c).

3.2. Oligonucleotides
We have looked at oligonucleotides with two adenines
that are separated by one or more thymine. The absorption spectrum of dApdTpdA is plotted in Fig. 3a along
with those of dApdT and dTpdA for comparison. It is evident that the exciton coupling at 187 nm still exists for
dApdTpdA. We have calculated the dApdTpdA spectrum,
S(dApdTpdA) by three different methods as illustrated in
Fig. 3a. The sum of 2 × S(dAMP) and S(TMP) or the sum of
S(dApdA) and S(TMP) does not match the dApdTpdA spectrum.
Instead S(dApdT) + S(dTpdA) − S(TMP) successfully generates the observed dApdTpdA spectrum. The combinations
2 × S(dApdT) − S(TMP) and 2 × S(dTpdA) − S(TMP) were
also tried and were in reasonably good agreement but not as
good as the other. It should be mentioned that all the calculated
spectra properly reproduce the 260-nm band.
Spectra of dAp(dTp)2 dA and dAp(dTp)3 dA are shown in
Fig. 3b and c, respectively. Again spectra can be reproduced from
sum spectra, S(dApdT) + S(dTpdA) + S(dTpdT) − 2 × S(TMP)
and
S(dApdT) + S(dTpdA) + S(dTpdTpdT) − 2 × S(TMP),
respectively.

Other sum spectra with either dApdT or dTpdA alone, fail to
match the data, highlighting the sequence dependent interaction
of two different bases.
5. Conclusion
Exciton coupling between nucleobases can be observed more
clearly in the VUV region than in the UV region both from
absorption and CD spectroscopy. The dApdT spectra are different from those of dTpdA, most prominently in the VUV
region, which indicates that the sequence matters. Thus, spectra
of oligonucleotides S(dAp(dTp)n dA) could be calculated satisfactorily only by using both dApdT and dTpdA basis spectra.
At the same time, the presence of the thymine base between two
adenine bases considerably reduces the coupling between the
two adenines but does not completely switch it off. Coupling in
the VUV was also found to occur between A and T neighbours.
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(2002) 75–92.
[5] E. Emanuele, D. Markovitsi, P. Millié, K. Zakrzewska, Chem. Phys. Chem.
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1

ABSTRACT Here we report synchrotron radiation circular dichroism (SRCD) spectra of various
G-quadruplexes, a four-fold parallel structure, a bimolecular antiparallel structure with diagonal
loops, a bimolecular parallel structure with edgewise loops, and a self-folded chair type structure.
The wavelength region is from 179 nm to 350 nm. The importance of quartet polarities and
handedness for the CD signal is elucidated. Our spectra serve as reference spectra to be used for
analytical purposes and to benchmark theoretical calculations and empirical models.
Introduction
Guanine-rich DNA strands can form G-quadruplex structures, either by intra- or intermolecular
complexation.1 These complexes are built from stacked G-quartets formed when four guanines are
hydrogen bonded in a planar motif around a central metal atom. G-quadruplex structures are highly
polymorphic and a variety of structures has been observed that differ in strand polarity, the
glycosidic torsion angle of the guanines, and in the topology of the loops formed by non-quartet
bases (see Fig. 1).1 With growing recognition of the biological importance of G quads, there is
interest in structural diagnostics.
UV Circular Dichroism (CD) has been used for many years to characterize nucleic acid
structures.2 To obtain more spectral information, the wavelength region has been extended down
into the VUV, pioneered by Johnson and Sutherland and their co-workers.2a,d-f Such experiments are
non-trivial due to strong absorption by air and water but they have become easier with the high
VUV flux provided by synchrotron radiation (SR).4
Here we have subjected strands of primarily guanine to SR CD experiments. DNA
oligonucleotide sequences were chosen to represent the quadruplex structure types shown in Fig. 1.
All-guanine oligonucleotides d(G)n are known from NMR measurements7 to form quadruplexes
with four parallel strands (A),7a,b d(G4T4G4) yields a bimolecular G-quadruplex with diagonal loops
(B),7c,d d(TAGGGUTAGGGT) is a dimeric propeller-type parallel-stranded complex (C),7g and
d(GGTTGGTGTGGTTGG) adopts a self-folded chair type structure (D).7e,f Spectra of other strands
than d(G4T4G4) belonging to the family d(GkTnGk), k = 3, 4 and n = 2 – 5 were recorded as well.
Finally, the onset for parallel quadruplex formation was probed by varying the strand length n of
d(G)n.
Experimental
All DNA strands were purchased from DNA Technology, Aarhus and include d(G)n, n = 1–10, 15,
20, 30, 40, d(GkTnGk), k = 3, 4, n = 2–5, d(TAGGGUTAGGGT), and d(GGTTGGTGTGGTTGG).
Known amounts of sample were dissolved in water to concentrations of 0.1 – 1 mM. For
d(TAGGGUTAGGGT), solutions with concentrations of either 100 mM NaF or 100 KF were also
studied. CD spectra were obtained at the UV1 beamline at the ASTRID storage ring facility in

2

Aarhus, Denmark [a) Eden, S.; Limão-Vieira, P.; Hoffmann, S. V.; Mason, N. J. Chem. Phys. 2006,
323, 313-333. b) http://www.isa.au.dk/SR/UV1/uv1.html.]. At the beginning of each day the set-up
was calibrated for wavelength and optical rotation magnitude. Spectra were recorded at a
temperature of 20 oC and measured using a quartz cell type QS124 with a path length of 0.1 mm
(Hellma GmBh, Germany). All the spectra were averaged, baseline subtracted and smoothed with
the CD data processing software CDTool [Lees, J. G.; Smith, B. R.; Wien, F.; Miles, A. J.; Wallace,
B. A. Anal. Biochem. 2004, 332, 285-289.]
To obtain concentrations for the more quantitative measurements done for d(G)n, absorption
spectra were measured, also at 20 oC, using the same setup. For single strands, concentrations were
obtained from absorbances at 260 nm and the extinction coefficients calculated based on a nearestneighbor empirical model [a) Cavaluzzi, M. J.; Borer, P. N. Nucl. Acids Res. 2004, 32, e13. b)
Inman, R. B. J. Mol. Biol. 1964, 9, 624-637.]. In the case of d(G)5 in the quadruplex form, the
extinction coefficient per nucleotide at 260 nm, ε260nm, is 9530 L mol-1 cm-1 [Gray, D. M.; Bollum,
F. J. Biopolymers 1974, 13, 2087-2102] For other quadruplexes d(G)n, we use the same extinction
coefficient per nucleotide as for d(G)5, neglecting edge effects that are less important for high n than
for low n.
Results and discussion
Spectra of d(G)n are shown in Fig. 2. For n ≥ 4, the positive band at ~260–265 nm, the negative one
at ~240–245 nm and the strong positive one at ~210 nm are well-known markers for the all-parallel
quadruplex structure (A).8 Two new VUV bands are seen: a small positive one at 195 nm and a
strong negative one at 182 nm. The inset to Figure 1a shows the spectra for n ≥ 4 scaled to match
each other. The scaled spectra are almost identical, which implies that the CD signal depends on the
wavelength in the same way for all n. It is evident that the signal per G nucleotide is constant as a
function of strand length from n = 4 to 20 (Fig. 2c). The signals for n = 30 and especially n = 40 are
a bit lower, which may be due to an error in the calculation of concentrations for high n using the
extinction coefficient per nucleotide for d(G)5.
The n ≤ 3 - spectra are completely different from the higher-n spectra. Based on a principal
component analysis using all spectra (n = 1 – 40), the n ≤ 3 - spectra have no contribution from the
reference spectrum assigned to quartet strands. Most likely, little complexation occurs for these
strands and therefore extinction coefficients were calculated based on the empirical method for
single strands [ref]. In the UV region, the n = 1 and 2 spectra look almost identical. There is a small
negative band at ~284 nm and a small positive at ~210 nm, whereas n = 3 has an additional band at
~260–265 nm. The latter band is also seen for the quadruplexes so its presence indicates the
beginning of complexation. In the VUV the monomer still has a very weak signal with a negative
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band at ~196 nm. However, n = 2 and 3 seem to have similar features, a strong negative band at 198
nm and a positive at ~188 nm. These two bands we ascribe to the effect of base stacking in the
single strand (Fig. 2b). The absence of a quadruplex signal for n = 3 (conc. 0.57 mM) is interesting
since d(TG3T) (conc. 1.5 mM) has been observed to form a four-stranded parallel quadruplex with a
half time for formation of ~40 min.9
The CD spectra for the samples d(G)n, n = 3–5, were recorded as received with no buffer and
salt added, as received with buffer and salt added to the solution (10 mM NaPi and 100 mM NaF),
and after annealing to 86 oC of the received solution. Neither the addition of salt, nor annealing had
a noticeable effect on the CD signal.
Spectra of d(G4TnG4), n = 3–5, are shown in Fig. 3. The n = 4 and 5 spectra are similar but
differ somewhat from that of n = 3. We therefore assume that both n = 4 and 5 are in the B form
whereas n = 3 adopts a different form. The signal from the thymine spacers can be neglected since
none of the peaks for dT5, dT10, and dT15 single strands (Fig. 4) are present in the B spectrum; also
the coupling between the disordered thymines in the loops of the quadruplexes is expectedly small.
The UV CD spectrum of structure B is well known.10 It has a positive band at ~295 nm, a negative
band at ~260–265 nm,10a and a small positive band at ~245 nm.10b,c The VUV gives a strong
positive band at ~190 nm. Also positive bands at 203 nm and 218 nm are evident.
Spectra representative for A and B are presented in Fig. 5 together with those of C and D.
Included in the figure is also a spectrum of d(G3T3G3). The average spectrum of d(G)n, n > 3 (A)
was used to obtain A. In the UV, C has three positive bands at ~295 nm, ~265 nm and ~207 nm and
a negative at ~230-235 nm.10d The VUV CD reveals a positive band at ~189 nm. D has positive
bands at ~290 nm, ~245-250 nm, and ~210 nm, and a negative at ~268 nm.10d The strongest band
for D is in the VUV region at ~187 nm. We can again neglect the thymine contribution to the signal
of structure D. We assume that the loop contribution is insignificant for the spectrum of C as well.
The spectrum of d(G3T3G3) displays large bands in the VUV, a positive one at 188 nm and a
negative at 199 nm. In the UV, there are bands at 211, 236, 256, 274, and 295 nm, and the spectrum
is in this region very similar to that of d(G4T4G4) under conditions that do not give a G quadruplex
(1 mM Na+ after denaturation) (J. Vondruskova, J. Kypr, I. Kejnovska, M. Fialova, and M.
Vorlickova, Biopolymers 89, 797-806 (2008)).
There have been attempts to link the VUV CD signal to a specific property of the DNA.11 It
has been postulated that the CD signal is indicative of the handedness of the helical structure of
DNA, and that a strong negative band at ~190 nm is related to the left-handedness of Z-DNA.11a
The inversion of the ~190-nm peak upon addition of salt was later also observed in a complex
containing only Gsyn·Gsyn and Aanti·Aanti base pairs, which suggests that it is not the handedness but
the syn configuration at the guanine that is responsible for this negative band.11b Our measurements,
however, show that this cannot be the case either since all Gs in structure A have anti conformation,
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yet the VUV CD band has a negative sign. Furthermore, the VUV bands for structures A and C
have opposite signs even though all G residues are anti.
The polarity of the quartets has been suggested to determine the sign of the signal in the 240300 nm region.3 In the case of quadruplex A, all quartets have same polarity (all positive) while
d(G3TnG3) has one stack with two quartets of positive polarity and one stack with two quartets of
negative polarity.3 The structure adopted by d(G4T4G4) (structure B), has alternating polarity: +, -,
+, - and bases on a given strand alternately have anti and syn conformation, as revealed from X-ray
[Schultze, P.; Smith, F. W.; Feigon, J. Structure 1994, 2, 221-233]. Structure D also has alternating
quartet polarities but its spectrum is very different in the 240-300 nm region from that of B, not to
speak of the VUV region. Also, it is not possible based on a linear combination of spectra A and B
to obtain the spectrum of d(G3T3G3) (Fig. 6). We therefore conclude that the quartet polarities are
not sufficient to account for the spectral signatures, though they may play a role.
Structures B, C, and D all exhibit a strong positive peak at ~189 nm. To see if this is a
consequence of the specific quadruplex structure or due to more general excitation between stacked
guanines, CD spectra were recorded of d(TAGGGUTAGGGT) in aqueous solutions (100 mM
KF(aq), 100 mM NaF(aq), and in pure water without added salt (Fig. 7). The characteristic CD
spectrum for C disappears when Na+ is present instead of K+. The positive band at 265 nm changes
sign, a new band at ~250 nm appears and for the 207 nm band the intensity is almost halved, and it
is red-shifted by 5 nm. In the absence of salt, the spectrum is very similar to that obtained for d(G)n,
n =2, 3. It suggests that the spectrum recorded in water represents that of single stranded guanine.
For all three structures (C, unknown, and single stranded) the 189-nm band is very intense. Thus,
this band does not reveal a specific quadruplex topology but is most likely a marker for guanineguanine stacking interactions that are already present in a single strand.
Conclusions
In summary we have reported the first VUV-CD spectra of G-quadruplexes. These spectra serve as
reference spectra for different structural motifs and as benchmarks for theoretical modeling. We
find that complexation between d(G)n strands requires at least four guanines in a strand. The CD
signal per G nucleotide for the parallel-stranded quadruplex made from d(G)n is almost constant
with strand length up to n = 20; at higher n the signal decreases slightly. We have also shown that
the VUV signal does not probe the handedness for a DNA strand, nor does it probe whether the
glucosylic bonds are in the syn or anti configuration (determines quartet polarity). A model that can
predict quadruplex signals is still to be developed.
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FIGURES
Figure 1.

Different G-quadruplex structures with strand direction indicated by red (up) or blue (down). The
number in parentheses is the number of individual strands in the complex
Figure 2.
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(a) CD spectra for dGn, n = 4–10, 15, 20, 30, 40. The inset shows the spectra for n ≥ 4 scaled to
match each other. The labels to the right indicate the number of bases in the strand. (b) Spectra for n
≤ 3. (c) The scaling factor as a function of strand length, n. The line is a fit to a constant value for n
= 4 to 20.
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Figure 3.
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Figure 5.
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Figure 7.
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ABSTRACT
Synchrotron Radiation Circular Dichroism (SRCD) is a powerful technique to reveal information on
DNA geometrical structures and electronic coupling between bases. In this work we have recorded
SRCD spectra of d(Cn), n = 1,2,..,10 in aqueous solution at different pH values. At low pH where all
bases are protonated, there is no evidence for electronic coupling between the bases and a spectrum
is simply calculated by n multiplied by that of n = 1. At high pH values where all bases are neutral,
the spectra of n > 1 are significantly different from that of the monomer, and we present evidence
for electronic coupling between two stacked bases. At intermediate pH, four d(Cn) strands adopt an
i-motif structure when n > 5. There is no sign of coupling between stacked protonated cytosines and
neutral cytosines for this structure, only between the hydrogen bonded base pairs.

INTRODUCTION
It has been known for more than forty years that d(Cn) DNA strands, so called C tracts, can form
parallel stranded duplexes at acidic pH (1). A base pair is formed between two cytosine bases when
one of them is protonated at N3. This finding was confirmed by solution and crystal X-ray studies,
but the analysis was based on the assumption of a double stranded structure (2, 3). A later NMR
study suggested that two parallel duplexes in opposite directions bind to form a four stranded
complex. These tetramers were denoted i-motifs (4). NMR also revealed that the DNA tetrads have
a small helical twist with about 16o between base pairs belonging to the same duplex, that the
helical rise is about 6.2 Å, and that the inter-base distance is 3.1 Å compared to the 3.4 Å in normal
B-DNA (4-8). At neutral pH values poly(dC) forms single stranded structures with stacked bases
and ordered backbones (9, 10).
The UV CD spectra for poly(dC) have previously been measured at neutral pH and the
positive peak at 288 nm and the negative peak at 266 nm are signatures of hemi-protonated base
pairing (11, 12).
Synchrotron radiation circular dichroism spectra were recorded of a family of cytosine
strands d(Cn), n = 1,2,…,10 at four different pH values to shed light on the role of cytosine
protonation on the electronic coupling between bases.

MATERIALS AND METHODS
Strands of cytosine were purchased from DNA Technology, Aarhus. Known amounts of the strands
were dissolved in water (pH ~ 7), water and H3PO4 (pH ~ 3 or pH ~ 1) or water and NaOH (pH ~
9). Synchrotron Radiation (SR) CD spectra were obtained at the UV1 beam line at the ASTRID
storage ring facility in Aarhus, Denmark. At the beginning of each filling the set-up was calibrated
for wavelength and optical rotation magnitude. Spectra were recorded at 20oC and measured using a
quartz cell type QS124 with a path length of 0.1 mm (Hellma GmbH, Germany). All spectra were
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averaged, baseline subtracted and slightly smoothed with a Savitzky-Golay filter using the CD data
processing software CDTool (13). The sample concentrations were obtained by measuring the
absorbance at 260 nm for pH 9 and using the calculated extinction coefficients at 260 nm (14). The
extinction coefficients at other wavelengths were obtained from the Beer-Lambert law.
RESULTS
The SRCD spectra for d(Cn), n = 1-10, at pH ~ 1 are presented in Fig. 1a. They all have a strong
positive band centered at 288 nm, a negative at 217 nm and a positive at 197 nm. No new spectral
features appear upon increasing the strand length.
The spectra for d(Cn), n = 2-10, at pH ~ 3 are shown in Fig. 2a. The spectra fall into two
groups, the spectra with n ≤ 5 look similar and have a broad positive band centered at 288 nm, a
negative band at 216 nm and a positive at 196 nm, whereas the spectra with n ≥ 6 have a strong
positive band at 288 nm, a strong negative at 266 nm and three minor bands at 225 nm, 210-213
nm, and 196 nm. Both the short and the long strands have a band centered at 288 nm, but the
isodichroic points between this band and the negative band at lower wavelength are centered at
different wavelengths, 249 nm for n ≤ 5 and 276 nm for n ≥ 6.
The pH ~ 7 spectra (Fig. 3a) are very similar to the pH ~ 3 spectra, but the analysis of the
bands are more complicated. The general features are the same with a shift from n = 5 to 6, but the
band position blueshifts when the strand length is decreased, e.g., the strong 288-nm peak at n = 9,
10 shifts to 278 nm for n = 2, 3, 4. There are also more subtle features like small shoulders on the
bands, like the one observed at 245 nm for n = 10 that is red-shifted to 250 nm for n = 6. However,
the two isodichroic points are the same: 249 nm for n ≤ 5 and 276 nm for n ≥ 6.
For pH ~ 9 the spectra change shape again (see Fig. 4a). They have a positive band at 277
nm, two small negative ones at 230 nm and 215 nm, a strong positive at 202 nm and a negative at
190 nm.
DISCUSSION
The UV CD spectra for poly(dC) have previously been measured at neutral pH and the positive
peak at 288 nm and the negative at 266 nm are signatures of hemi-protonated base pairing (11, 12).
Since the spectra recorded at pH ~1 are lacking the 266 nm band, the structure of the strand cannot
be that of the hemi-protonated cytosine complex and is more likely that of a single strand of allprotonated bases, in accordance with the pKa of protonated cytosine being 3.4; therefore the ratio
between the ionized form and the neutral is 250. This indicates that the previous signature
consisting of two bands for the hemi-protonated complex can be decoupled into a signal for the
protonated base at 288 nm and that arising from the inter-base Hoogsteen pairing centered at 266
nm.
No new spectral features arise for the pH 1 data upon increasing the strand length. The scaled
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spectrum and the scaling coefficients are plotted in Fig. 1b and 1c. The fact that the scaling
coefficient depends linearly on the number of bases and that the monomer signal also can be scaled
to match the others strongly suggests that the CD signal consists of a sum of individual protonated
bases signals. essentially, there is no electronic coupling between the bases. Since all bases are
protonated, the Coulomb repulsion between them are strong, and they will most likely maximize
their distances to each other in accordance with no electronic coupling.
For pH ~ 3 there is a clear shift in spectral shape from n = 5 to n = 6. The n ≤ 5 spectra can
be scaled to match each other by dividing with the number of bases in the strand. The same is true
for n ≥ 6 spectra, and they resemble the spectrum of a self-folded hemi-protonated cytosine strand
(11, 12). Half the bases are protonated at this pH value in accordance with the hemi-protonated
structure. A principal component analysis (PCA) reveals that just two basis spectra (φ1 and φ2) can
describe the data. The basis spectra and corresponding scaling coefficients are plotted in fig 2b and
2c. The largest amplitude spectrum (φ1) is sufficient to account for the n ≥ 6 data, whereas the n ≤ 5
data need two spectra. The scaling factors for n ≤ 5 and n ≥ 6 as a function of n can both be
described with a straight line going through origo, with the n ≥ 6 spectra having the steepest slope.
The shift from n = 5 to n = 6 in the spectral features strongly suggests that this is the onset for imotif formation, and the fact that the n ≥ 6 data can be described by a straight line of the form a·n,
n being the number of bases indicates that for an i-motif, there is no coupling between stacked
Hoogsteen dimers.
A PCA of the pH ~ 7 data also reveals the necessity for two basis spectra (φ1 and φ2) to
explain the data (Fig. 3b). The first basis spectrum is very similar to that at pH ~3 and the second
are similar to the pH ~ 3 spectrum above 230 nm. The coefficients for the two basis spectra are
plotted in Fig. 3c as a function of n. Again c1 depends piecewise linearly on the strand length, with
one term being enough for n ≤ 5 and two terms sufficient for n ≥ 6. But unlike the pH ~ 3 data only
the n = 9, 10 data can be described satisfactory by the first basis spectrum alone since the band
positions of the 266 nm and 288 nm bands blueshift upon decreasing the strand length. This shift is
a clear indication that the structure is changing from that of the hemi-protonated form to that of a
single strand of neutral cytosine bases. Also the ratio of the protonated form to the neutral have
decreased from 1 to 1·10-3. Again the scaling factor depends piecewise linearly on the number of
bases in the strand. The best fit to the n ≤ 5 data is a straight line through origo, whereas the n ≥ 6
data need two parameters to satisfactory describe the data.
The pH ~9 spectra are very different from all the others. Both the 288 nm and 266 nm bands
have disappeared, and the spectra above 200 nm resemble that of poly(dC) at neutral pH (11, 12).
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The structure of d(Cn) is believed to be that of a single strand with stacked bases (12). The basis
spectrum at pH ~ 9 is very similar to the second basis spectrum at pH ~7, with the exception that the
272 nm band at pH 7 is redshifted to 277 nm and the pH 7 spectrum has a small negative band at
300 nm, which is absent from the pH 9 spectrum. The scaling coefficient depends linearly on the
number of bases in the strand (see Fig. 4). The fact that the best fit is of the type a(n-1) and that the
monomer signal looks differently from the higher n spectra indicates that the signal is a sum of
dimer contributions and that neutral cytosine bases electronically couple.
SUMMARY
In conclusion, we have obtained SRCD spectra of simple strands of cytosine where all bases are
either protonated or neutral and i-motifs. The spectra of these structural motifs are completely
different, which is assigned to different extent of electronic coupling between the bases.

.
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Chart 1. (right) Hemi-protonated cytosine-cytosine base pair. (left) Schematic
representation of the i-motif.
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Electron capture by both bare and microsolvated small peptide dications was investigated by
colliding these ions with sodium vapor in an accelerator mass spectrometer to provide insight
into processes that occur on the microsecond time frame. Survival of the intact peptide
monocation after electron capture depends strongly on molecular size. For dipeptides, no
intact reduced species were observed; the predominant ions correspond to loss of hydrogen
and ammonia. In contrast, the intact reduced species was observed for larger peptides.
Calculated structures indicate that the diprotonated dipeptide ions form largely extended
structures with low probability of internal ionic hydrogen bonding (i.e., charge solvation)
whereas internal ionic H-bonding occurs extensively for larger peptide dications. Solvation of
the peptide ions with between one to seven methanol molecules reduces the total extent of H
loss even for dipeptides where intact reduced species can survive more than a microsecond
after electron capture. The yield of ions corresponding to cleavage of NOC␣ bonds (c⫹ and z⫹·
ions) does not depend strongly on peptide size but decreases with the extent of microsolvation
for the dipeptide dications. H-bonding appears to play an important role for the survival of the
intact reduced ions but less so for the formation of c⫹ and z⫹· ions. Our results indicate that
electron capture predominantly occurs at the ammonium groups (at least 70 to 80%), and
provides important new insights into the electron capture dissociation process. (J Am Soc
Mass Spectrom 2006, 17, 1675–1680) © 2006 American Society for Mass Spectrometry

E

lectron capture (EC) by peptide or protein cations
in the gas phase can result in extensive backbone
fragmentation from which information about the
sequence as well as locations and identities of posttranslational modifications can be obtained [1– 4]. EC can
occur via interactions with thermally generated free
electrons [1], collisions with anions [2], or with atoms
[3]. These methods produce comparable fragmentation
and are rapidly becoming important for the top-down
approach to determine protein structure [4].
Several models have been proposed to explain the
sequence-specific c⫹ and z⫹· ions [1, 5]. Although details
of these mechanisms differ, there is a consensus on the
importance of binding an H atom to the oxygen of the
amide group thereby weakening the NOC␣ bond. Still,
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the prior history of the H is unknown: Does C¢O
capture an H atom that is released after electron capture
to ammonium? How important is internal H-bonding
between an ammonium and an amide? Or does capture
of the electron occur at the amide C¢O followed by fast
proton abstraction from a nearby ammonium driven by
the Coulomb attraction, as recently suggested by Syrstad and Tureček [5a]?
Previous results from our group have shown that the
fragment ions of substance P (SP) formed by electron
capture induced dissociation (ECID) are the same as
those observed after capture of a free electron [3]. In
ECID, the electron is transferred from a gas target, e.g.,
sodium vapor, to ions traveling with large velocities,
the interaction time being a few femtoseconds. The
dissociation timescale, corresponding to the flight time
from the collision cell to the analyzer, is a few s,
whereas the timescale for Fourier-transform ion cyclotron resonance mass spectrometry experiments that use
free electrons is several ms to s. The ECID method

© 2006 American Society for Mass Spectrometry. Published by Elsevier Inc.
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Figure 1. Product ion spectra obtained from the collisions between [GK ⫹ 2H]2⫹ ( ⫽ M2⫹) and (a) Ne and (b) Na, and between
[KK ⫹ 2H]2⫹ and Na (c). The group of peaks from m/z 30 to 74
seen most clearly in panel (a) is assigned to different cleavages of
the lysine side-chain, as a result of collisional activation. The ion
corresponding to the m/z-84 peak is assigned according to [7, 8].

makes it possible to study early events in the dissociation process that cannot readily be observed using other
methods.
In this work, we report ECID spectra of small protonated peptides and their microsolvated clusters and
show that the survival of charge-reduced ions on a s
timescale strongly depends on intra- and intermolecular H-bonding interactions. Our data also indicate that
internal ionic H-bonding to the amide is not necessary
for the NOC␣ bond cleavage to occur. This study of
small peptides, in some of which the Coulomb repulsion dictates a high propensity for an extended structure, provides new insights into some of the questions
regarding the mechanism of ECD.

Results and Discussions
ECID spectra of [GK ⫹ 2H]2⫹ and [KK ⫹ 2H]2⫹ are
presented in Figure 1 together with the Ne spectrum of
[GK ⫹ 2H]2⫹. In the latter, the dominant ions are a⫹ and
y⫹ types whereas c⫹ and z⫹· ions dominate in the Na
spectra together with ions formed by loss of H or NH3.
Interestingly, the z⫹· ion dominates over the c⫹ ion for
GK whereas the opposite is the case for KK. The
different abundances may be due to the lability of the
z⫹· radical cations, but no evidence for significant
secondary dissociation is observed. The physics of the
capture process is governed by the electrostatic attraction between the charged ammonium group and the
loosely bound 3 s electron of sodium, and it therefore
seems unlikely that the capture probabilities of the two
charged groups are significantly different. The fact that
c⫹ and z⫹· ions are formed with rather different probabilities suggests that capture to only one of the ammonium groups leads to NOC␣ bond cleavage (likely in
competition with H and NH3 loss) whereas capture to
the other group solely causes H or NH3 losses. The
peptide radical monocations, [GK ⫹ 2H]⫹· and [KK ⫹
2H]⫹·, were not observed, indicating that the lifetimes
of these species are sub s.
To shed more light on the hydrogen and ammonia
loss process, we carried out experiments on partially
deuterated peptides. Results for [GK ⫹ 2H]2⫹-d7 in
which seven of the exchangeable hydrogen atoms were
replaced by deuterium are shown in Figure 2. The
exchangeable protons are the ammonium group protons, the carboxylic acid proton and the amide proton.
From the peaks corresponding to ammonia loss, the two
ammonium groups contain five D and one H since the
two peaks corresponding to loss of ND3 and ND2H are
roughly of the same intensity. The barrier for ammonia
loss is low, about 9 kJ mol⫺1 (0.09 eV) for ·H3N-GG,
according to calculations by Tureček and Syrstad [9].

Experimental
Doubly-protonated peptides were generated by electrospray (50/50% water/methanol with 1% acetic acid),
introduced into an accelerator mass spectrometer [6],
accelerated to 100 keV, m/z selected, and passed
through a heated (220 °C) Na vapor cell. During the few
fs interaction time of the collision, electron transfer of
the 3s electron of Na to a peptide ion can occur.
Fragment ions were analyzed by a hemispherical electrostatic analyzer [6]. In addition to electron capture,
ion activation occurred for collisions with low impact
parameters, and fragments produced via this channel
were measured in separate experiments in collisions
with Ne, also under single-collision conditions. Proper
subtraction of the Ne and Na spectra reveals fragments
produced predominantly from electron capture.

Figure 2. Partial ECID spectra of (a) [GK ⫹ 2H]2⫹–d7 ( ⫽ M2⫹)
and Na and (b) [GHK ⫹ 2H]2⫹–d7 ( ⫽ M2⫹) and Na; PM3
optimized structures right.
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ECID results in loss of either D or H in a 2:1 ratio,
significantly less than the statistical prediction of 5:1
(assuming that the two ammonium groups on average
contain 5 D and 1 H and the other two deuteriums
being present as ⫺COOD and ⫺C(O)ND⫺). Similar
results were obtained for AK and AR. There is more
than one plausible explanation for the low ratio. First,
there will be some contribution from the isobaric ion
[GK ⫹ 2H]2⫹-d6 that contains one 13C and some from
[GK ⫹ 2H]2⫹-d6 due to the difficulty of isolating a single
isotope with the magnet, but these “impurities” are not
enough to explain such a low ratio. A barrier for
hydrogen loss would disfavor D loss relative to H loss,
i.e., a kinetic isotope effect. Such an interpretation is in
agreement with previous observations: Williams and
Porter found that the lifetime of the NH·4 radical is
shorter than that of ND·4 and explained this by a higher
zero point energy of NH·4 relative to that of ND·4 [10a].
Porter’s group also found that CH3ND·3 is more stable
than CH3NH·3 supporting a barrier to dissociation [10b].
Nguyen et al. [11] have reported an intramolecular
isotope effect favoring cleavage of the NOH bond in
the (CH3)2NHD· radical. Based on calculations by Tureček and Syrstad [9], the barrier for H loss from the
·
H3N-GG radical has been estimated to be low, 12 kJ
mol⫺1 (0.12 eV), and the loss of hydrogen is itself only
mildly exothermic, e.g., 28 kJ mol⫺1 (0.29 eV) in
·
H3N-GG and 35 kJ mol⫺1 (0.36 eV) in ·H3N-lysine
radicals. Loss of aliphatic H would also provide a lower
ratio of D to H loss. However, according to work by
Jeon et al. [10b] and Yao and Tureček [12], even though
some loss of aliphatic H from hypervalent ammonium
radicals such as methylammonium and ethylammonium has been observed, the loss of ammonium hydrogen usually dominates. Partial H/D scrambling of
ammonium hydrogens and carbon hydrogens after
electron capture but before H loss, via a free radical
reaction cascade, would cause a lower ratio. Such a
mechanism has been proposed by Leymarie et al. [13] to
explain ECD of cyclic peptides where two bond breakages are needed, but is less likely to be important on the
microsecond time scale of the present experiment. To
summarize, deuterium labeling experiments confirm a
sub s lifetime of dipeptide radical cations, but the
actual reason for a small ratio of D to H loss is unclear.
In contrast to results for dipeptides, the chargereduced peptide radical cations of tripeptides survive
(GGK was an exception). An example is shown for
[GHK ⫹ 2H]2⫹-d7 in Figure 2b. The abundance of the
intact radical cation is four times greater than that for
the combined loss of H and D. H is favored over D loss
despite the ND2H and ND3 losses occurring with similar probabilities. Again, a kinetic isotope effect may
play a role but the fact that the ratio between D and H
loss has decreased compared with that of dipeptides
indicates another source of the hydrogen than the
ammonium group. Scrambling before hydrogen loss
would decrease the ratio since the total number of
hydrogen atoms in the tripeptide is larger than in the

dipeptide. Another possibility is loss of hydrogen from
imidazole that may be the site of protonation for a
significant fraction of the ions. In the case of BK
(nonapeptide) and gramicidin S (cyclic decapeptide), no
loss or only minor H loss occurred and, hence, these
charge-reduced peptides survived well past a s.
Minimized structures at the B3LYP/6-311 ⫹
G(2d,p)//PM3 level of theory [14] provide insight into
these results. On average, more open or extended
structures are favored for dipeptide dications (Figure
2a) because of the Coulomb repulsion between the two
charged ends: the distance between the two nitrogens of
the structure of [GK ⫹ 2H]2⫹ shown in Figure 2a is 11.2
Å, which gives a Coulomb repulsion energy of 1.3 eV
assuming an effective dielectric constant of one [15].
Thus, an energetic H radical generated by electron
capture of any of the terminal ammonium can easily fly
off leaving the backbone intact. In contrast, internal
ionic H-bonding and other H-bonds play a role for triand larger peptides, e.g., [GHK ⫹ 2H]2⫹ (Figure 2b).
H-bonding may provide a “caging” effect where the
translational energy of the “hot” H is dissipated into
vibrational energy of the peptide reducing the fraction
of H lost. Indeed Jeon et al. [10b] have shown that
clustering with ammonia has a stabilizing effect on NH4
and CH3NH3 radicals and attributed this to hydrogen
bonding. This interpretation is also in line with previous work on peptides, proteins [1a, 4a], and amino acid
models, e.g., Breuker et al. [16] found that the chargereduced ion is the major product for large proteins. In
contrast Tureček and coworkers [17] did not find intramolecular H-bonding in hypervalent ammonium
radicals increases the lifetimes of the radicals on a
microsecond time scale.
The probability of formation of c⫹ and z⫹· ions after
electron capture is similar for di- and tripeptides, 0.15 to
0.35 (Table 1), despite the fact that internal ionic Hbonding is significantly more feasible in tripeptides
than in dipeptides. These results suggest that a direct
interaction of the protonated site with heteroatoms in
Table 1. Probability P of z⫹· and c⫹ ion formation after
electron capture to doubly-protonated peptides from sodium
Peptide
AK
GK
KK
AR
KWK
GHK
GGR
KYK
BK
AHF
SP

No. of amino acids

P

2
2
2
2
3
3
3
3
9
10
11

0.17 (0.04)
0.20 (0.05)
0.35 (0.05)
0.15 (0.04)
0.18 (0.05)
0.16 (0.04)
0.19 (0.05)
0.22 (0.05)
0.14 (0.04)
0.27 (0.07)
0.19 (0.05)

BK ⫽ bradykinin (RPPGFSPFR), SP ⫽ substance P (RPKPQQFFGLM),
AHF ⫽ adrenocorticotropic hormone fragment 1–10 (SYSMQHFRWG).
The probability P is calculated as the total yield of c⫹ and z⫹· ions
divided by the total ionic yield of electron capture products. Uncertainties are given in the parentheses.
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the peptide backbone may not play an important role in
the formation of c⫹ and z⫹· ions. Larger peptides like BK
and SP in which folding is even more important still
display similar probabilities of 0.14 and 0.19 (⫾0.05),
respectively, with the dominant product being the
peptide monocation, [M ⫹ 2H]⫹·. A comparison between peptides of different size is complicated by the
differing number of degrees of freedom. For a statistical
process, larger peptides that have more degrees of
freedom will dissociate more slowly for a given amount
of energy that is deposited, thereby giving a lower
fragmentation yield within the limited time scale for
measurement. This would be especially important for
any statistical processes that may lead to NOC␣ bond
breakage, but would not play a major role for nonstatistical pathways for cleavage of this same bond.
Spectra obtained from collisions between doublyprotonated bradykinin, [BK ⫹ 2H]2⫹, and Ne and Na
are shown in Figure 3. As was the case for SP, the
relative yields of c⫹ ions in the difference spectrum for
BK (Figure 4) are surprisingly similar to those obtained
from ECD [18]. Still, the total production of c⫹ ions from
the charge-reduced species is much less in ECID compared to ECD, indicating that some fraction of the c⫹
and z⫹· ions may be formed after a s (cf., second time
scale of ECD), although differences in internal energy
deposition with ECID versus ECD may account for
differences in fragmentation extents. Future experiments using cesium that has lower ionization energy
than sodium are planned to address this issue.
To test the importance of H-bonding for the survival
of a radical cation, ECID spectra of methanol-solvated
peptides were obtained. The results for KWK, KYK, and
AK with up to three methanol molecules attached (one
for KWK and KYK and three for AK) are shown in
Figure 5 in the region of the peptide monocation.

[BK+2H]

(a)

2+

BK=RPPGFSPFR

−NH3
−C(NH2)3

c3+

Solvation clearly increases the abundance of the tripeptide radical cation, and solvation of the dipeptide by
three methanol molecules results in the survival of the
intact radical cation for this species as well. Taken
together with the previous findings, we conclude that
hydrogen bonding is important to trap the H atom in
the peptide and/or to act as a heat sink to dissipate the
kinetic energy of the H.
When just one methanol molecule is bound to [AK ⫹
2H]2⫹, electron capture gives rise to rapid loss of the
methanol as well as the H radical (Figure 6). Because the
electron can potentially be captured at either of the
ammonium sites, the observation of complete loss of
methanol suggests that energy relaxation from the
Rydberg state of the hypervalent ammonium radical
must result in some conversion of the energy originating from electron transfer to vibrational excitation over
the entire dipeptide. Loss of a methanol molecule can
also be attributed to collisional activation that can occur
in the ECID process. From the spectra of the dipeptide
solvated with different number of methanol molecules,
the survival of the intact radical cation after electron
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Figure 5. Partial ECID spectra of (a) [KYK ⫹ 2H]2⫹ and [KYK ⫹
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ECID spectrum of [AK ⫹ 2H]2⫹(CH3OH).

capture requires cooling by evaporation of at least two
methanol molecules. Indeed, the intensity of the [AK ⫹
2H]⫹· peak relative to that of [AK ⫹ H]⫹ increases
monotonically with the extent of solvation. For [AK ⫹
2H]2⫹(CH3OH)6, the abundance of the completely desolvated [AK ⫹ 2H]⫹· is nearly 50% that of [AK ⫹ H]⫹
(Figure 7). In this ion, the methanol molecules are
associated with the protonated sites and are most likely
equally partitioned between these sites. Charge neutralization of either ammonium gives rise to evaporation of
all methanol molecules (⬃three) attached to that site,
and some or all are lost from the other site as well
(Figure 7).
In the case of electron transfer to the tripeptide [GHK
⫹ 2H]2⫹ solvated by seven methanol molecules, [GHK
⫹ 2H]⫹·(CH3OH)n is more abundant than [GHK ⫹
H]⫹(CH3OH)n for n ⫽ 0, 1, 2, and 3, whereas H loss
associated with methanol loss dominates for n ⫽ 4 and
5 (Figure 8). The latter is surprising since the intact
peptide radical cation was dominant after electron
transfer to the bare dication (vide supra). Methanol
solvation, however, weakens the internal ionic hydro-

400

4 −H

450
m/z

5 −H
500

550

Figure 8. Partial ECID spectrum of [GHK ⫹ 2H]2⫹(CH3OH)7
(M2⫹ ⫽ [GHK ⫹ 2H]2⫹). The numbers, n, refer to the number of
methanol bound to the singly-charged peptide. The peptide cation
has lost a hydrogen for n ⫽ 4 and 5.

gen bonding between the ammonium and amide since
the methanol molecules bind to the ammonium groups
and the peptide is therefore less folded. This again
reflects the strong importance of peptide folding for the
loss of hydrogen.
In addition to effecting H loss, methanol solvation
also changes the abundances of other fragments. The
relative yield of z⫹· ions after electron transfer to [AK ⫹
2H]2⫹, [AK ⫹ 2H]2⫹(CH3OH), and [AK ⫹
2H]2⫹(CH3OH)4 is 0.19, 0.22, and 0.09 ⫾ 0.01, respectively. In contrast, the yield of NH3 loss is a factor of
two higher for [AK ⫹ 2H]2⫹(CH3OH)4 than that for [AK
⫹ 2H]2⫹ and [AK ⫹ 2H]2⫹(CH3OH). Thus, solvation by
methanol can either increase or decrease the propensity
for survival of the intact cation, it increases loss of NH3,
presumably at the site of electron capture, and reduces
the formation of c⫹ and z⫹· ions. The significantly lower
yield of c⫹ and z⫹· ions for the more highly solvated
species could be due to the caging effect of methanol,
which prevents the H from attaching onto the amide
oxygen, or it could be due to an energy barrier for this
process by providing a means by which energy can be
rapidly removed, i.e., solvent evaporation.

Conclusions

Figure 7. ECID spectrum of [AK ⫹ 2H]2⫹(CH3OH)6. The inset
shows the region around the [AK ⫹ H]⫹ and [AK ⫹ 2H]⫹· peaks.
The numbers refer to the number of methanol bound to the
peptide ion, singly-or doubly-charged.

In summary, ECID experiments on isolated and microsolvated di- and tripeptides show that ionic H-bonding
tends to increase the yield of intact peptide radical
cations. H loss from ammonium following electron
capture is likely associated with a barrier but hydrogens
originating from other sites than the ammonium radical
also contribute to the total H loss signal. Tripeptides do
not display a larger probability than dipeptides for
undergoing NOC␣ bond cleavage compared with
dipeptides despite a larger propensity for internal ionic
H-bonding. Likewise, the probability of H loss from
bare dipeptides and tripeptides is not directly correlated with the probability of c⫹ and z⫹· ion formation.
Solvent molecules around the protonation site can act as
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a cage as well as a heat sink, trapping the H atom and
directing fragmentation. Finally, our data reveal that
the predominant electron capture site is the ammonium
groups with a probability of at least 70 to 80% (the yield
of H and NH3 losses). It is still an open question what
electronic state is populated, and we hope in the future
to resolve this issue from experiments using cesium
instead of sodium to unravel the importance of the
energetics in the electron transfer process.
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15N-labeling

of di- and tripeptides reveals that electron capture to doubly protonated peptides results almost
exclusively in ammonia loss from the N-terminal end, which clearly shows that a significant fraction of
electron capture occurs at this end. In accordance with this finding, the competing channel of N-CR bond
breakage leads to z+• ions and neutral c fragments after electron capture to small dications. In larger peptides
that live long enough for internal proton exchanges to occur, c+ ions are also formed and in some cases in
dominant yield. Attachment of one or two crown ethers to ammonium groups is likely to reduce the probability
of proton transfer, which enhances the formation of z+• relative to c+. The total yield of z+• and c+ is, however,
more or less unchanged, which indicates that proton transfer or hydrogen transfer from a NH3 group to the
amide group is not required for the N-CR bond breakage.

Introduction
Electron capture (EC) by peptide cations in the gas-phase
results in extensive backbone fragmentation to give the sequencespecific c+ and z+• ions in competition with hydrogen and
ammonia loss.1 The mechanism of electron capture dissociation
(ECD) is a hotly debated subject. One recent model assumes
EC at the amide CdO bond followed by fast proton abstraction
from a nearby ammonium driven by the Coulomb attraction.2
Coulomb-assisted attachment to S-S and C-S bonds was also
proposed by Simons and co-workers.3 Here, experimental data
that indicate electron capture by the N-terminal ammonium
group in addition to some support for capture at the amide bond
is presented. Electron capture by small 15N-labeled peptide
dications was investigated by colliding such ions with cesium
atoms in an accelerator mass spectrometer to provide information about the subsequent ammonia loss channel. The peptides
studied were [AK + 2H]2+, [KK + 2H]2+, [AAK + 2H]2+,
and [GHK + 2H]2+ (A ) alanine, K ) lysine, G ) glycine, H
) histidine), all with lysine at the C-terminal end to allow for
double protonation of the peptides. The N-terminal ends were
15N-labeled to identify from which end ammonia loss occurred.
In other experiments, internal proton exchanges were prohibited
by the attachment of crown ether to one or to both ammonium
groups. Our results indicate that the amide group plays a major
role in the electron capture process, directing the electron to
* Corresponding author. E-mail: sbn@phys.au.dk.
† University of Aarhus.
‡ Henan University.
§ University of Aarhus.
| University of California at Berkeley.
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the nearest ammonium group and that the probability of N-CR
bond breakage does not strongly rely on crown ether attachment,
whereas the relative ratio between z+• and c+ ions does.
In a series of papers, we have shown that capture of electrons
by peptide cations from alkali-metal atoms produce fragmentation similar to that resulting from the capture of thermally
generated free electrons.1,4 In the former process, the electron
is transferred from either sodium or cesium atoms to ions
traveling at high velocity, the interaction time being a few
femtoseconds. This technique is named electron-capture-induced
dissociation (ECID). The similar fragmentation spectra obtained
from ECD and ECID indicate similar dissociation mechanisms.
In this work, solid-phase synthesis was used to make 15Nlabeled peptides (see the Supporting Information), which were
electrosprayed to produce doubly protonated peptides in the gas
phase. After acceleration to a kinetic energy of 100 keV, ions
of interest were mass selected by a magnet and collided with
cesium vapor in a collision cell.5 The cesium pressure was high
enough that more than 2/3 of the ion beam was converted to
singly charged ions. Velocities of [KK + 2H]2+ and of the
dication with one crown ether attached are 2.6 × 105 m/s and
1.9 × 105 m/s, respectively, which results in flight times from
the collision cell to the electrostatic analyzer of about 6 and
8 µs, respectively (flight distance of about 1.5 m). Other
experiments were also performed at a lower pressure under
single-collision conditions. The resulting product ions were
scanned in an electrostatic analyzer to provide ECID spectra.
Results for [GHK + 2H]2+ and [AAK + 2H]2+ are shown
in Figure 1 where the dominant channels after electron capture
are hydrogen loss, ammonia loss and N-CR bond breakage as
© 2007 American Chemical Society
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Figure 3. Electron capture to the N-terminal end leads to ammonia
loss from this end and z+• ions.
Figure 1. ECID spectra of (a) [GHK + 2H]2+ and (b) [AAK + 2H]2+.
M2+ denotes the parent ion.

Figure 4. ECID spectrum of [R-15N-KK + 2H]2+(CE), CE )
18-crown-6.

Figure 2. Partial ECID spectra of (a) [AK + 2H]2+, (b) [KK + 2H]2+,
(c) [AAK + 2H]2+, and (d) [GHK + 2H]2+. M+ denotes the intact
reduced parent ion. All four peptides are 15N-labeled at the N-terminal
end.

described earlier.4b In the case of [GHK + 2H]2+, the intact
charge-reduced ion, [GHK + 2H]+•, was observed.
Higher resolution ECID spectra of [AK + 2H]2+, [KK +
2H]2+, [AAK + 2H]2+, and [GHK + 2H]2+ in the region of
the ammonia loss peaks are shown in Figure 2. In all cases,
there is a peak that corresponds to an ion with mass 18 Da less
than that of the charge-reduced parent ion, which clearly
demonstrates that 15NH3 is lost. Loss of 14NH3 (mass 17) from
the lysine side chain occurs with a probability less than 3%,
which indicates that electron capture followed by ammonia loss
is governed by the nearby environment of the ammonium group.
Elimination of NH3 mainly from the N-terminus is consistent
with the computational analysis by Tureček and Syrstad.6 Yao
et al.7 predicted that H loss is likely to originate from the sidechain NH3 group where it wins over the loss of ammonia, which
is also consistent with our results. However, we cannot exclude
the possibility that some or all H loss occurs from the N-terminal
end.
Electron capture by the N-terminal end may result in a greater
abundance of z+• versus c+ after N-CR cleavage. Interestingly,

however, EC by [AK + 2H]2+ produced mainly z+• ions, EC
by [KK + 2H]2+ produced mainly c+ ions, whereas c+ and z+•
ions were formed in similar numbers after EC by [AAK + 2H]2+
and [GHK + 2H]2+.3 The two z and c fragments may stay
together as an ion-molecule complex allowing for proton
exchanges.8 In the case of [KK + 2H]2+ and tripeptides, there
may also be internal ionic hydrogen bonding between different
amino acid residues. As a result, c+ will be formed in
competition with z+• ions dependent on the lifetime of the
complex and the proton affinity of the c versus z fragment.
Complexes of crown ether (CE ) 18-crown-6) and peptides
were investigated to lower the probability of proton transfer.
The preferred site of binding is the side chain of lysine.9 Adduct
formation between [AK + 2H]2+ and crown ether does not
decrease the probability, P, of N-CR cleavage after electron
capture from sodium (P ) 0.32, 0.41, and 0.33 for [AK +
2H]2+, [AK + 2H]2+(CE), and [AK + 2H]2+(CE)2, respectively,
measured under single-collision conditions),10 which indicates
that proton or hydrogen atom transfer from -NH3 is unimportant
for this fragmentation. This is in accordance with previous work
on peptides metalated with divalent metal ions where z+ and
c+ ions were also formed after electron capture.11 For the
supramolecular complex between [KK + 2H]2+ and one crown
ether, ammonia loss occurs exclusively from the N-terminal end
but the abundance of z+• ions is 4 times larger than that of c+
ions (Figure 4). A similar enhancement in z+• formation was
obtained for [KK + 2H]2+(CE)2. In agreement with these results,
we also found that EC by [GHK + 2H]2+(CE) and [AAK +
2H]2+(CE) led to dominant formation of z1+• and z2+• ions and
much diminished yield of c+ ions because the ammonium group
of the lysine side chain is less likely to donate its proton to the
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neutral c fragment. It should be emphasized that association of
crown ether with the ion also affects the stabilities of the charge
sites and the recombination energies upon electron capture,
which may also affect the eventual product partitioning.
In our previous work, we have found that the probability of
N-CR bond breakage is about 20-30% for a series of peptides
ranging in size between 2 and 11 residues.4b Direct electron
transfer to the amide site has been predicted to occur at a rate
approximately 100 times less than that for transfer to the
protonated amine site in the case of a singly charged model
peptide,12 but this number is likely different for doubly charged
peptides where there is additional Coulomb stabilization of
NCO-. The authors also found that once the electron is captured
at either the protonated amine site or the Coulomb-stabilized
amide site it will remain on that site rather than undergo a
subsequent intramolecular transfer to the other site. In contrast,
an electron can undergo a through-bond transfer from a Rydberg
state of -NH3 to a S-S σ* state.13 These previous findings
and those presented in this work are therefore consistent with
the superbase mechanism,2 but there may be other plausible
explanations of these data.
To summarize, we have found that electron capture by
dipeptide and tripeptide dications leads to ammonia loss from
the N-terminal end, which implies that significant electron
capture close to this group, if not directly, occurs. A competing
reaction is N-CR bond breakage to give z+• or c+ ions.
Attachment of crown ether to ammonium groups should
significantly reduce the probability of H or H+ transfer from
these sites, but the propensity for N-CR bond breakage is more
or less unchanged. The branching ratio between z+• and c+,
however, increases in favor of z+•, again consistent with
chemistry associated with the electron at the N-terminal end.
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a b s t r a c t
The fragmentation of doubly protonated AK dipeptide ions has been investigated after collisional electron
transfer. Electron capture leads to three dominant channels, H loss, NH3 loss, and N–C␣ bond breakage
to give either c+ or z+ fragment ions. The relative importance of these channels has been explored as
a function of ion velocity, the degree of complexation with crown ether, and collision gas. Our results
indicate that H loss and NH3 loss are competing channels whereas the probability of N–C␣ bond breakage
is more or less constant.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Electron capture dissociation (ECD) of peptides and proteins in
combination with mass spectrometry is now a common method
to obtain the sequence of amino acids [1–7]. It beneﬁts from the
selective cleavage of N–C␣ bonds and generates an even backbone
fragmentation pattern. ECD, which involves capture of free electrons, has been studied in great detail but the actual mechanism
is still an open question. Instead of causing dissociation by the
attachment of free low-energy electrons, dissociation can also be
initiated by electron transfer from an anion in low-energy collisions
(electron transfer dissociation (ETD)) [8–12] or by electron capture
from a neutral gas target in high energy collisions, typically tens
of kiloelectronvolt (electron capture-induced dissociation (ECID))
[13–16].
In Aarhus we carry out ECID to mimic ECD, and a typical spectrum for the doubly protonated dipeptide [AK + 2H]2+ (A = alanine,
K = lysine) is shown in Fig. 1. There are three main dissociation chan-

∗ Corresponding author.
E-mail address: sbn@phys.au.dk (S.B. Nielsen).
1387-3806/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2008.05.004

nels after electron capture from sodium or cesium, loss of hydrogen,
loss of ammonia, and cleavage of the N–C␣ bond to give either c+ or z+ -ions as indicated in Fig. 1. The ammonia is lost almost exclusively from the N-terminal end as recently shown from 15 N-labeling
experiments [15]. There are minor peaks due to collision-induced
dissociation (CID); these can be identiﬁed from experiments with
neon as collision gas where no electron transfer occurs. For larger
peptides such as bradykinin and substance P, the intact chargereduced cation was detected and in a signiﬁcantly higher yield
than in ECD, by an order of magnitude or more [14,17]. However,
with respect to the distributions and relative intensities of z+ and
c+ fragments, ECID and ECD spectra are similar (Fig. 2). This result is
intriguing for at least two reasons: (1) the time scales for the experiments are very different, typically a few microseconds for ECID
(ﬂight time after electron capture to detector) vs. tens of milliseconds for ECD (trap experiment) and (2) the energetics of the capture
processes are different [18]. In ECD the recombination energy of
4–6 eV is fully gained by the peptide whereas in ECID the excitation
energy depends on the electronic state populated in the electron
transfer process.
In our experiments, ions are typically accelerated to 100-keV
kinetic energy and collided with sodium, cesium, or with other
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Fig. 3. One possible structure of [AK + 2H]2+ obtained at the B3LYP/6-31+G(d) level
of theory.

Fig. 1. ECID spectrum of M2+ = [AK + 2H]2+ obtained after electron capture from Na.

atomic or molecular targets. Alkali metal targets are often chosen because of the weakly bound valence s-electron that is readily
transferred to the doubly charged peptide ion. Other gases can
be used despite a lower total electron capture cross-section. The
concern of the present work is to elucidate how the relative importance of the three fragmentation channels, H loss, NH3 loss and
N–C␣ bond cleavage in the case of the AK dipeptide depends on
the acceleration voltage, the ionization energy of the collision gas,
and coordination of crown ether (CE, 18-crown-6 ether (C2 H4 O)6 )

to the ammonium groups. The latter affects the chemistry in at
least three different ways, it prohibits internal hydrogen or proton
transfer after electron capture, it lowers the probability of internal ionic hydrogen bonding between the ammonium group and
the amide or the carboxylic acid group to give a more extended
structure, and it reduces the energy for electron recombination.
The AK dipeptide was chosen since it is small and relatively easy
to handle with quantum chemistry models. The Coulomb repulsion
between the two charged ammonium groups limits the conformational ﬂexibility and dictates somewhat extended structures even
though internal ionic hydrogen bonding does play a role. A possible structure of [AK + 2H]2+ at the B3LYP/6-31+G(d) level of theory
is shown in Fig. 3.
2. Experiment
The experimental setup has been described in detail elsewhere
[19,20]. Doubly protonated AK dipeptides were generated by electrospray (water/methanol (1:1) with 5% acetic acid), introduced
into an accelerator mass spectrometer, accelerated to kiloelectronvolt energies, m/z selected and passed through a heated metal vapor
cell. Product ions were analyzed by a hemispherical electrostatic
analyzer. Collisions with noble gases, NO and O2 were also performed. In additional experiments, crown ether (18-crown-6 ether)
was added to the solution to produce noncovalent peptide–crownether complexes.
3. Results and discussion

Fig. 2. Comparison of fragment ion distributions obtained from ECD and ECID of
doubly protonated substance P (RPKPEEFFGLM) and bradykinin (RPPGFSPRR). The
intensity of the c5 + -ion is set to 1 both for ECD and ECID. The ECID values for the
M+ -ion are 6.2 and 7.8 for substance P and bradykinin, respectively. ECD data were
taken from Ref. [17] and the spectrum of substance P was kindly provided by Dr. K.F.
Haselmann, and ECID data from Refs. [13,14].

First we measured the cross-section for electron capture in
collisions between [AK + 2H]2+ and sodium as a function of the
acceleration voltage between 10 kV and 70 kV, which is the lower
and upper limit for our experiment. The cross-section increases
strongly from 10 kV to 70 kV, by about a factor of ﬁve (Fig. 4). It is
expected to reach a broad maximum, according to Massey’s adiabatic criterion [21], before it falls off at considerably higher energies
than the ones used here. Our data clearly show that there is an
energy defect for electron transfer from sodium to [AK + 2H]2+ , and
that quite high acceleration voltages are advantageous for ECID. In
other words, there is no quasi-continuum of states resonant with
the energy of the active electron from sodium for which very weak
velocity dependence would be expected. The energy defect is the
numerical difference between the ionization energy of sodium and
the energy gained by the ion after capture of an electron from
sodium.
Next we consider how the three dissociation channels after
electron capture depend on the acceleration voltage. The relative
probability of H loss in ECID, P(−H), is obtained from the abundance of H-loss ions divided by the total abundance of ions that
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Fig. 4. Electron capture cross-section of [AK + 2H]2+ as a function of acceleration
voltage. Na was used as target gas. The cross-section is in arbitrary units.

arise from electron capture. This dissociation process is the most
likely, and it occurred for about half of the ECID events. The probability of NH3 loss, P(−NH3 ), and those for the formation of either
z+ or c+ , P(z+ ) and P(c+ ), were deduced in similar ways. It appears
from Fig. 5 that the probabilities for the formations of z+ - and c+ ions are more or less independent of the acceleration voltage taking
values of 0.3 and 0.03, respectively. On the other hand, the H-loss
channel decreases in importance from a P(−H) value of about 0.5 at
the two lowest acceleration voltages to about 0.4 at the two highest
voltages. This decrease is accompanied by an increase of the ammonia loss channel from a P(−NH3 ) value of 0.2 to a higher value of
0.3. These data thus suggest that the electronic state being populated in the electron transfer process depends somewhat on the
acceleration voltage, and that the H-loss and NH3 -loss channels
compete. If these two losses occur on the electronic ground state
potential energy surface, the barriers are about 0.1 eV for H loss
and 0.1–0.5 eV for NH3 loss (lowest for loss of N-terminal ammonia) [18,22]. Small changes in excitation energy may signiﬁcantly
alter the branching ratio between these two channels. The excitation energy probably increases with the collision velocity, which
according to our data seem to be in favor of NH3 loss. Another possibility is that different conformers are present in the beam, and
that they have different electron capture cross-sections depending
on the energy defect and therefore the collision velocity.

Fig. 5. Probability of formation of the different ECID ions of [AK + 2H]2+ after electron
capture from Na as a function of the acceleration voltage.

Fig. 6. ECID spectra of M2+ (CE) and M2+ (CE)2 (M2+ = [AK + 2H]2+ , CE = crown ether)
obtained after electron capture from Na.

In addition, we investigated the inﬂuence of crown ether coordination to the ammonium groups on the fragmentation patterns.
The ECID spectra at 50-kV acceleration voltage of [AK + 2H]2+ (CE)
and [AK + 2H]2+ (CE)2 are shown in Fig. 6. In the one crown ether
case, the yield of z+ (CE) is signiﬁcantly larger than that of the bare
z+ -ion, which indicates that the crown ether is mainly attached to
the side chain of lysine. Also a CID spectrum of [AK + 2H]2+ (CE),
obtained through collisions with neon, reveals a six times larger
abundance of fragment ions with CE on a C-terminal fragment than
on a N-terminal fragment (spectrum not shown). These ﬁndings
are in agreement with the work by Julian and Beauchamp [23] who
showed that CE binds preferentially to lysine. A signiﬁcant yield of
ions that have lost hydrogen but not the crown ether (Fig. 6) indicates that hydrogen loss from the N-terminus end occurs, and this
channel is therefore in competition with ammonia loss from this
end (ammonia loss occurs almost exclusively from this end [15]). It
is uncertain whether hydrogen loss is always from the N-terminal
since some ions have lost both hydrogen and crown ether. We can
conclude that electron capture by the N-terminal end clearly occurs
to give both hydrogen loss and ammonia loss but cannot exclude
the possibility of electron capture by the lysine ammonium groups
also.
The ECID spectrum of [AK + 2H]2+ (CE)2 reveals that the same
channels are open as for the bare ion and one crown-ether complex
(Fig. 6). As discussed in a recent paper [15], crown ether coordination does not prevent N–C␣ bond breakage, and hydrogen or proton
transfer to the amide is therefore not required for this dissociation
to occur. Similar conclusions were drawn from experiments on metalated ions instead of protonated ions [24,25]. It is also seen that
electron capture by [AK + 2H]2+ (CE)2 always results in the loss of at
least one crown ether. We have calculated the probabilities for the
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Fig. 7. Probability of formation of the different ECID ions after electron capture from
Na as a function of the number of attached crown ethers to [AK + 2H]2+ .

formation of the four characteristic fragment ions as a function of
the number, n, of crown ether attached (Fig. 7). The probability of
formation of z+ -ions increases from n = 0 to 1 but decreases from
n = 1 to 2. The probability of formation of c+ -ions increases by about
a factor of two from n = 0 to 2 but still this channel only gives a small
contribution to the total dissociation of about 10%. We currently
have no explanation for these changes in the probabilities of z+ and
c+ formation. Interestingly, the addition of one or two crown ethers
increases the probability for H loss and decreases the probability for
ammonia loss. The recombination energy decreases with n, and it
is therefore likely that the excitation energy after electron capture
decreases with n as well. This ﬁnding is consistent with the dependence on the acceleration voltage discussed earlier where it was
found that the ammonia loss increased with the acceleration voltage (i.e., excitation energy). It should, however, be mentioned that
the ion velocity is lower for a heavier complex ion, which should
favor hydrogen loss over ammonia loss (cf., Fig. 4).
Finally, we carried out experiments with different collision
gases and measured again the probabilities for the different fragmentation channels, cf. Fig. 8. The gases were Cs, Na, NO, O2 ,
Xe and Kr. Despite a difference of as much as 10 eV in ionization energy between the gases, the results are surprisingly similar.
The data seem, however, to fall into two groups: Cs and Na vs.
NO, O2 , Xe, and Kr. We estimate the recombination energy of the
dication to be about 5.8 eV based on calculations at the B3LYP/6311++G(2d,p)//B3LYP/6-31+G(d) level of theory. This value is in
between the ionization energies of the two groups, which implies
that the electron capture is exothermic for Cs and Na but endothermic for the other gases. The major difference observed between the
two groups is that H loss is more favored over NH3 loss for gases
with high ionization energy, which is again in accordance with the
expectation of lower excitation energy after electron transfer or
that capture occurs dominantly to conformers with high recombination energy for gases with high ionization energy. The probability
of N–C␣ bond cleavage is more or less independent of the collision
gas.
A main concern of our work is the initially populated state after
electron capture. In the case of free electrons, it seems highly likely
that there is a competition between electron capture by the ammonium group and by the amide CO bond due to charge-stabilization
by nearby positively charged ammonium groups, as suggested by
the Tureček and coworkers [26,27] and the Simons and coworkers [28,29]. According to this model, the electron is either in a
Rydberg orbital on the –NH3 + group or in a Coulomb-stabilized

Fig. 8. Probability of formation of the different ECID ions after electron capture to
[AK + 2H]2+ as a function of the ionization energies of the target gases. In the case of
dioxygen, the probabilities for H loss and z+ -ion formation are the same, and the two
data points (solid diamond and circle) are enclosed by a square to distinguish them
from those due to xenon. The probabilities for c+ -ion formation and ammonia loss
are similar for dioxygen and xenon. The dotted vertical line marks the calculated
vertical recombination energy (RE) of [AK + 2H]2+ .

OCN * orbital. We have previously demonstrated that dissociation obtained by ECID can also be explained by such a model [14,15];
other models may explain the data as well but at least this model
provides a simple and appealing picture. In any case, the similarity
between the results obtained from ECD and ECID (Fig. 2) suggests
that similar electronic states are in play and give similar relative
yields of c+ and z+ -ions. If so, during the collisional electron transfer,
a signiﬁcant part of captures (about 30%) is by the peptide backbone
leading to N–C␣ bond cleavage. Capture by the ammonium groups
occurs with a probability of about 70%, which is signiﬁcantly higher
than that for ECD (Fig. 2). We suggest that the state populated on the
ammonium group varies with the acceleration voltage and collision
gas to explain the changes in the ratio of H loss to NH3 loss. Thus,
for gases with high ionization energy, a state close to the ground
state is populated, if not the ground state itself. Likewise, for low
acceleration voltages, a lower-lying state is populated. Conformational heterogeneity is another interpretation that implies that only
conformers for which the energy defect of the electron transfer process is small are expected to play a role. Still, it is uncertain why the
competition between capture to the backbone and the ammonium
group seems to depend so little on the collision gas.
4. Conclusions
In collisional electron transfer between dipeptide dications and
a gas, there is surprisingly small dependence of the ionization
energy of the gas target, the ion velocity, and the attachment
of crown ether to the ammonium groups on the fragmentation
channels. This ﬁnding suggests that similar electronic states are
populated in all cases. We have also found that for larger peptides
the backbone cleavages happen with equal probabilities in ECD and
ECID, which indicates similar mechanisms for the fragmentation.
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[26] E.A. Syrstad, F. Tureček, J. Am. Soc. Mass Spectrom. 16 (2005) 208.
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Abstract: The effects of water on electron capture dissociation products, molecular survival, and
recombination energy are investigated for diprotonated Lys-Tyr-Lys solvated by between zero and 25 water
molecules. For peptide ions with between 12 and 25 water molecules attached, electron capture results in
a narrow distribution of product ions corresponding to primarily the loss of 10-12 water molecules from
the reduced precursor. From these data, the recombination energy (RE) is determined to be equal to the
energy that is lost by evaporating on average 10.7 water molecules, or 4.3 eV. Because water stabilizes
ions, this value is a lower limit to the RE of the unsolvated ion, but it indicates that the majority of the
available RE is deposited into internal modes of the peptide ion. Plotting the fragment ion abundances for
ions formed from precursors with fewer than 11 water molecules as a function of hydration extent results
in an energy resolved breakdown curve from which the appearance energies of the b2+, y2+, z2+•, c2+, and
(KYK + H)+ fragment ions formed from this peptide ion can be obtained; these values are 78, 88, 42, 11,
and 9 kcal/mol, respectively. The propensity for H atom loss and ammonia loss from the precursor changes
dramatically with the extent of hydration, and this change in reactivity can be directly attributed to a “caging”
effect by the water molecules. These are the first experimental measurements of the RE and appearance
energies of fragment ions due to electron capture dissociation of a multiply charged peptide. This novel
ion nanocalorimetry technique can be applied more generally to other exothermic reactions that are not
readily accessible to investigation by more conventional thermochemical methods.

Introduction

Upon capture of an electron, gaseous multiply charged
peptides or proteins can dissociate via many different pathways,
producing a rich fragmentation spectrum from which extensive
sequence information and locations of posttranslational modifications can be determined. The captured electron can be
originally free (ECD)1-4 or can be transferred by collisions with
atoms (ECID)5,6 or anions (ETD).7,8 These three methods
produce similar fragments from multiply charged peptides and
proteins and have found application in “top-down” proteomics
where an entire protein or a substantial fraction of a protein is
directly sequenced by tandem mass spectrometry.4
Many other mass spectrometry based sequencing methods
activate protonated peptides or proteins by collisions either with
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gases, surfaces, or photons, and typically cleave amide backbone
bonds to form “b” and “y” type ions.9 In contrast, electron
capture (EC) based methods typically cleave N-CR backbone
bonds to form “c” and “z” type ions,2 although “b” and “y”
type ions can be produced as well.10,11 The mechanisms for b
and y type ions formed by activating protonated peptides and
proteins have been extensively studied using a wide variety of
different methods, including thermochemical12-14 and spectroscopic methods,15,16 and are thought to be relatively well
understood.9,17-20 In contrast, mechanisms for formation of “c”
and “z” type ions by ECD have been more controversial and
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are still the subject of heated debate.1-3,21-32 Among the
proposed mechanisms are capture of the electron by a protonated
nitrogen followed by hydrogen-atom transfer to a nearby
carbonyl oxygen and subsequent nonergodic cleavage;22 capture
of the electron at an amide group and abstraction by the resulting
amide “superbase” of H+ from a nearby protonated moiety,
followed by facile N-CR cleavage;26 and a “radical cascade”
mechanism in which electron capture at a protonation site leads
to initial H-atom transfer, which is followed by iterative loss
of neutral fragments.3 ECD spectra can change with initial ion
temperature, suggesting that ion conformation can influence the
observed products,33,34 consistent with recent results which
showed that ECD spectra of different ubiquitin conformers with
the same charge state, separated by differential ion mobility,
differ.35
One of the most important factors that affect observed ion
fragmentation is the energy deposited by a particular ion
activation technique. It has been estimated that the recombination energy (RE) when a free electron combines with a multiply
protonated peptide or protein is roughly 4-7 eV.1,2,36 Some or
all of this energy may be deposited into internal modes of the
peptide or protein ion to form the resulting fragment ions. An
important advantage of ECD is that large proteins can be
fragmented even though the RE is relatively small compared
to the thermal energy of a large protein at room temperature.
This phenomenon has been attributed to nonergodic dissociation
in which the RE is localized and contributes to bond cleavage
before energy randomization occurs.1,22 It has also been
attributed to very low activation barriers for formation of product
ions from the reduced precursor so that statistical dissociation
is prompt even at room temperature.27 Data from many
experiments and quantum chemical calculations have been
obtained that support one or the other mechanism.1-3,21-30
A significant obstacle to better understanding how ions are
formed in ECD is the difficulty in obtaining thermochemical
information about these reactions. Experimental methods, such
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Spectrom. 2000, 35, 1399–1406.
(21) Bakken, V.; Helgaker, T.; Uggerud, E. Eur. J. Mass Spectrom. 2004,
10, 625–638.
(22) Breuker, K.; Oh, H. B.; Lin, C.; Carpenter, B. K.; McLafferty, F. W
Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 14011–14016.
(23) Chamot-Rooke, J.; Malosse, C.; Frison, G.; Tureček, F. J. Am. Soc.
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as blackbody infrared radiative dissociation (BIRD),12-14 highpressure drift cell experiments,37 energy resolved surface
induced dissociation,38,39 or guided ion beam mass spectrometry,40,41 have been used to measure activation energies for
biomolecule dissociation reactions that are endothermic and have
provided important information about the mechanisms by which
many endothermic reactions occur. However, these methods
cannot be applied directly to exothermic reactions, such as ECD.
Some dissociation experiments on intact reduced precursors have
been performed,22,42,43 but no thermochemical information has
been obtained. An alternative approach to investigating ion
thermochemistry is to use quantum chemical calculations, which
have been done on small model systems and provide useful
insights into ECD dissociation.21,23-29 However, high-level
quantum chemical calculations have not been applied to multiply
protonated peptides or proteins investigated by experimental
methods owing to the large size of these molecules.
Recent ion nanocalorimetry experiments have been used to
measure the RE when an aqueous nanodrop containing a metal
ion is reduced by a thermally generated electron in the gas
phase.44-48 In brief, when an electron is captured by a charged
nanodrop, the RE can be deposited into internal modes of the
nanodrop resulting in the evaporation of water molecules. The
value of the RE can be obtained from the sum of the threshold
dissociation energies for the maximum number of water
molecules that are lost from the cluster. A more accurate
measure can be obtained from the average number of water
molecules lost combined with estimates of the translational,
rotational, and vibrational energy partitioned into the evaporated
water molecules.46 This method has recently been used to
measure absolute reduction energies of gaseous nanodrops that
contain different redox active species.46,47 These measured
values can be related to bulk solution to obtain absolute
reduction potentials. By comparing these absolute reduction
potentials obtained from gas-phase measurements to relative
electrochemical potentials measured in aqueous solution, an
absolute potential for the standard hydrogen electrode of 4.2 (
0.4 V was obtained.46
Here, this nanocalorimetry approach is used to obtain
thermochemical information, including appearance energies and
relative entropies for fragment ions formed by ECD of the
diprotonated peptide Lys-Tyr-Lys (KYK) and of this ion with
up to 25 water molecules attached. These experiments provide
(37) Liu, D. F.; Wyttenbach, T.; Carpenter, C. J.; Bowers, M. T. J. Am.
Chem. Soc. 2004, 126, 3261–3270.
(38) Laskin, J.; Denisov, E.; Futrell, J. H. Int. J. Mass Spectrom. 2002,
219, 189–201.
(39) Vékey, K.; Somogyi, A.; Wysocki, V. H. Rapid Commun. Mass
Spectrom. 1996, 10, 911–918.
(40) Rodgers, M. T.; Armentrout, P. B. J. Am. Chem. Soc. 2000, 122, 8548–
8558.
(41) Yang, Z. B.; Ruan, C.; Ahmed, H.; Rodgers, M. T. Int. J. Mass
Spectrom. 2007, 265, 388–400.
(42) Horn, D. M.; Breuker, K.; Frank, A. J.; McLafferty, F. W. J. Am.
Chem. Soc. 2001, 123, 9792–9799.
(43) Horn, D. M.; Ge, Y.; McLafferty, F. W. Anal. Chem. 2000, 72, 4778–
4784.
(44) Leib, R. D.; Donald, W. A.; O’Brien, J. T.; Bush, M. F.; Williams,
E. R. J. Am. Chem. Soc. 2007, 129, 4894–4895.
(45) Leib, R. D.; Donald, W. A.; Bush, M. F.; O’Brien, J. T.; Williams,
E. R. J. Am. Soc. Mass Spectrom. 2007, 18, 1217–1231.
(46) Donald, W. A.; Leib, R. D.; O’Brien, J. T.; Bush, M. F.; Williams,
E. R. J. Am. Chem. Soc. 2008, 130, 3371–3381.
(47) Leib, R. D.; Donald, W. A.; O’Brien, J. T.; Bush, M. F.; Williams,
E. R. J. Am. Chem. Soc. 2007, 129, 7716–7717.
(48) O’Brien, J. T.; Prell, J. S.; Holm, A. I. S.; Williams, E. R. J. Am. Soc.
Mass Spectrom. 2008, 19, 772–779.
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the first experimental measure of the RE for electron capture
by a diprotonated peptide and also provide a novel route to
establishing appearance energies of different fragments, including b, y, c, and z type ions, as well as loss of an H atom from
this peptide, despite the fact that EC by the unsolvated peptide
ion is exothermic. Finally, the reactivity of the peptide is
influenced by the water molecules through a “caging” effect,
which increases survival of the intact molecule and significantly
reduces H-atom loss, but makes loss of an ammonia molecule
a competitive process.
Experimental Section
ECD experiments are performed using a 2.75 T FT/ICR mass
spectrometer equipped with a nanoelectrospray ion source and a
temperature-controlled ion cell. This instrument is described in detail
elsewhere.48-50 A copper jacket that can be cooled using a regulated
flow of liquid nitrogen surrounds the ion cell and is equilibrated to
a temperature of -140.0 °C for at least 8 h prior to experiments.
Ions are generated by nanoelectrospray using borosilicate capillaries
that are pulled to ∼1 µm inner diameter at the tip and filled with
a 10 µM aqueous solution of Lys-Tyr-Lys (99%, Sigma Chemical
Co., St. Louis, MO), into which a platinum electrode is inserted.
Ions are accumulated for 3-10 s in the ion cell during which time
nitrogen gas is pulsed into the vacuum chamber to a pressure of
∼10-6 Torr to enhance trapping and thermalization of the ions.
Trapping plate potentials are 9.2 and 10.0 V (source side and far
side, respectively) and are lowered to 2.0 V for ion excitation and
detection. These trapping conditions were found to maximize total
ion abundance following ECD in this instrument.48 The trapped
ions are allowed to thermalize during a 5 to 12 s period, during
which time the ion cell pressure returns to <5 × 10-9 Torr. Ions
of interest are isolated using stored waveform inverse Fourier
transform (SWIFT) techniques.
Electrons are thermally generated using a 1.0 cm diameter
barium-scandate impregnated cathode (HeatWave Laboratories,
Watsonville, CA) mounted axially 20 cm away from the cell center.
The cathode is heated to a temperature of ∼950 °C using a 3 A
direct current. Following a 50 ms delay after ion isolation, electrons
are introduced into the cell by pulsing the cathode housing potential
from +10.0 to -1.5 V for 120 ms. In BIRD experiments, the
cathode housing potential was maintained at +10.0 V to prevent
electrons from entering the cell. In all experiments, a potential of
+9.0 V was applied to a copper wire mesh mounted 0.5 cm in
front of the cathode. All potentials are referenced to instrumental
ground. For both ECD and BIRD experiments, a 500 µs delay
precedes ion excitation and detection.
Sustained off-resonance irradiation collisionally activated dissociation (SORI-CAD) experiments are performed using a 9.4 T
FT/ICR mass spectrometer with a nanoelectrospray ion source.51
Singly protonated KYK is generated directly by nanoelectrospray
as described above. Ions are accumulated in a hexapole trap for
0.5 s, injected into the ion cell, where trapping is enhanced by
pulsing in nitrogen gas for 0.2 s. (KYK + H)+ is then isolated
using SWIFT techniques and excited using a single frequency
waveform (4.0 V peak-to-peak, -1500 to -1700 Hz offset, 0.1 s
duration), which results in maximum laboratory-frame translational
energies of 2.1-2.7 eV. Nitrogen gas is pulsed into the cell during
the excitation and is followed by a 2.7 s delay before ion excitation
and detection.
Ion abundances were obtained by subtracting the average noise
in a ∼30 m/z signal-free region near the precursor. In ECD
(49) Bush, M. F.; Saykally, R. J.; Williams, E. R. Int. J. Mass Spectrom.
2006, 253, 256–262.
(50) Wong, R. L.; Paech, K.; Williams, E. R. Int. J. Mass Spectrom. 2004,
232, 59–66.
(51) Jurchen, J. C.; Williams, E. R. J. Am. Chem. Soc. 2003, 125, 2817–
2826.
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Figure 1. Electrospray ionization mass spectra of KYK from aqueous

solution showing hydrated ions of the doubly protonated peptide, (KYK +
2H)(H2O)n2+, and a minor distribution of the singly protonated peptide,
(KYK + H)(H2O)n+, with the temperature of the copper block that surrounds
the interface capillary at (a) ∼95 °C and (b) ∼80 °C.

experiments, the average number of water molecules lost from the
reduced precursor was calculated as the weighted average of reduced
product cluster abundances (including abundances of the reduced
precursor that has lost both small neutral species and water
molecules). A correction for background dissociation due to BIRD
resulting from radiative emission from the surrounding copper jacket
and from the heated cathode was estimated as the water loss
observed from the precursor ion when no electrons are introduced
into the cell;45 this correction (∼0.1 water molecules) was subtracted
from the average water molecule loss.
Molecular mechanics was used to identify candidate low-energy
structures of (KYK + 2H)2+, (KYK + 2H)(H2O)102+, and (KYK
+ 2H)(H2O)252+ using conformational searching with MacroModel
8.1 (Schrödinger, Inc., Portland, OR). Two separate 10 000conformer Monte Carlo searches were performed for each ion with
either the MMFFs or OPLS force field using unconstrained
geometries. Calculations with each force field resulted in at least
1000 structures within 50 kJ/mol of the lowest-energy structure.
Results and Discussion
Formation of Hydrated Ions. With electrospray ionization,
hydrated ions can be formed by evaporation of water molecules
from even more extensively hydrated ions or by condensation
of water molecules onto bare or minimally solvated ions in the
supersonic expansion that takes place in the ESI interface.52 A
typical electrospray mass spectrum of KYK formed from
aqueous solution and introduced into the mass spectrometer
under conditions where the peptide ion should remain hydrated49
is shown in Figure 1a. The distribution of solvated ions, (KYK
(52) Rodriguez-Cruz, S. E.; Klassen, J. S.; Williams, E. R. J. Am. Soc.
Mass Spectrom. 1999, 10, 958–968.
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Scheme 1. Fragmentation Pathways for (KYK + 2H)2+ upon

Electron Capture

+ 2H)(H2O)n2+ depends on a number of experimental parameters, including the temperature of the heated metal inlet
capillary and voltages applied to the skimmers and lens elements
in the ESI interface. The distribution of ions can be shifted to
lower or higher hydration extents by changing these parameters
(Figure 1b). Because the ions are stored for 5 to 12 s prior to
ion isolation and subsequent ECD experiments, the precursor
ions should achieve a steady state internal energy distribution
determined by the temperature of the copper jacket that
surrounds the ion cell. This process occurs both by radiative
absorption and emission, as well as by evaporative cooling in
the cell.50,53,54
Fragmentation Pathways. Many different ions are formed
upon ECD of hydrated (KYK + 2H)2+, and fragment ion
identities are assigned based on known peptide fragmentation
pathways and logical neutral loss pathways. The observed
dissociation pathways are summarized in Scheme 1. In detail,
for the diprotonated molecular ion of KYK, ECD results in
formation of b2+ with a 65% abundance normalized to the total
ECD product ion abundance, (b2 - NH3)+ (7%), (a2 - NH3)+
(10%), y2+ (8%), and (z2• - COOH)+ (11%). The abundances
of these ions decrease with increasing precursor hydration, and
new ions appear (Figure 2, data for n ) 1 and 8 shown). For
example, ECD of (KYK + 2H)(H2O)42+ results in formation
of (KYK + 2H)+• (m/z 439, 2%), (KYK + 2H - NH3)+• (2%),
(KYK + H)+ (21%), (KYK + H - H2O)+ (3%), (KYK + 2H
- tyrosine side chain - H)+• (m/z 331, 9%), c2+ (52%), and
z2+• (8%), and (z2• - COOH)+ (3%). No hydrated species are
observed upon EC of precursor ions with fewer than 10 water
molecules attached, indicating that all water molecules are lost
either from the reduced precursor itself or from the product ions.
Loss of water from the reduced precursor should occur with a
negligible reverse activation barrier and should occur via a
“loose” transition state, making it an entropically favored
process.
The change in fragmentation behavior with increasing hydration can be largely attributed to a smaller fraction of the RE
that is available for forming peptide fragment ions due to the
energy necessary to evaporate the water molecules, i.e., energy
that goes into evaporating water molecules from the reduced
precursor ion is not available to form fragment ions that have
significant activation barriers. With increasing hydration, the
RE upon EC should decrease owing to increased charge
(53) Price, W. D.; Schnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.;
Williams, E. R. J. Am. Chem. Soc. 1996, 118, 10640–10644.
(54) Price, W. D.; Williams, E. R. J. Phys. Chem. A 1997, 101, 8844–
8852.

Figure 2. Representative electron capture dissociation mass spectra for
(a) (KYK + 2H)(H2O)2+ and (b) (KYK + 2H)(H2O)82+. Insets are ×20
and ×6 expansions of the spectral regions indicated in a) and b),
respectively; asterisks (*) indicate noise peaks.

solvation. These combined effects result in decreased internal
energy available to fragment the reduced precursor as the extent
of hydration increases. Changes in structure induced by hydration may also contribute to the changing fragmentation, including solvent “caging” effects,55 which appear to be significant
for the larger clusters and influence the fragmentation (Vide
infra).
Fragment ions resulting from the EC process can be formed
directly from the reduced precursor or by one or more
consecutive reactions. Whether some ions formed by EC of
(KYK + 2H)2+ occur from consecutive dissociation can be
established from the abundances of these ions as a function of
hydration extent (Figure 3). For example, the abundances of
the m/z 438, 420, and 364 ions as a function of n are shown in
Figure 3a. The abundances of the m/z 420 and 364 ions are
larger at small n but decrease with a concomitant increase in
the abundance of the m/z 438 ion. This suggests that the m/z
420 and 364 ions are formed from the m/z 438 ion, consistent
with assignment of these three ions as (KYK + H - H2O)+,
(KYK + H - lysine side chain - H)+, and (KYK + H)+,
respectively. Products of subsequent dissociation of (KYK +
H)+ are preferentially formed at lower n, corresponding to higher
internal energies. Similar results are obtained for the m/z 439,
422, and 331 ions, and these ions are assigned as (KYK +
2H)+•, (KYK + 2H - NH3)+•, and (KYK + 2H - tyrosine
side chain - H)+•, respectively (Figure 3b), although the
possibility that the m/z 331 ion comes from (KYK + H)+ cannot
be completely ruled out from this analysis. However, collisional
dissociation of (KYK + H)+ (Vide infra) does not result in the
(55) Chakraborty, T.; Holm, A. I. S.; Hvelplund, P.; Nielsen, S. B.; Poully,
J.-C.; Worm, E. S.; Williams, E. R. J. Am. Soc. Mass Spectrom. 2006,
17, 1675–1680.
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Figure 4. Normalized abundances of dissociation products from intact
reduced (KYK + 2H)(H2O)n2+ and reduced ions that have lost a hydrogen
atom, plotted as a function of n. Each curve is the sum of the indicated
major product ion and its subsequent neutral losses (Scheme 1). The internal
energy deposition scale, determined from the number of water molecules
lost in ECD of these ions (see text), is used to establish an energy resolved
breakdown curve for fragment ion formation; note that this scale is nonlinear
above 78 kcal/mol.

Figure 3. Fragment abundances for major ECD product ions of (KYK +

2H)(H2O)n2+ and suspect fragment ions formed by consecutive reactions
of these ions, plotted as a function of n.

formation of m/z 331 ions, strongly suggesting that it is formed
instead from (KYK + 2H)+•. The m/z 249 ion appears at lower
n than the m/z 294 ion, consistent with loss of COOH from
z2+• (Figure 3c). From similar analysis of each fragment ion,
the ECD reaction pathways (Scheme 1) are established for
(KYK + 2H)2+.
Energy Resolved Primary Fragmentation. The abundances
of fragment ions produced by EC of (KYK + 2H)(H2O)n2+
normalized to total ECD product ion signal as a function of n
are shown in Figure 4. In this Figure, the abundances of product
ions formed by consecutive dissociation (Scheme 1) are added
to the abundance of the respective intermediate fragment to
make more clear the primary reaction pathways originating
either from the intact reduced precursor, (KYK + 2H)+•, or
the reduced precursor that has lost an H atom, (KYK + H)+.56
These data show clear trends in the appearance and disappearance of fragment ions with increasing cluster size. Both b2+
and y2+ decrease with a concomitant increase in (KYK + H)+
with increasing n. The (KYK + H)+ ion reaches a maximum
around n ) 2 or 3 but is not observed at n g 11. The abundance
of z2+• initially increases and then decreases with increasing n,
reaching a maximum at n ) 2, and it is not observed at n g 7.
The c2+ ion is observed between n ) 2 and 10, reaching a
maximum in relative intensity around n ) 6. Note that the high
normalized abundance of the c2+ ion over this region contributes
(56) The isotopic contribution of (KYK + H)+ (m/z 438) was subtracted
from the abundance of m/z 439 to obtain the abundance of (KYK +
H)+•.
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to the asymmetry of the (KYK + H)+, z2+•, and (KYK + 2H)+•
normalized abundance curves. The trend in ion formation as a
function of hydration extent can be directly related to formation
energies; ions formed at lower n have higher barriers to
formation than those preferentially formed at higher n.
A b type ion can be readily formed from activated (KYK +
H)+, but it could also potentially be formed by subsequent
dissociation of a corresponding c ion by loss of NH3. However,
the decrease in b2+ abundance before significant increase in c2+
abundance with increasing n indicates that b2+ is not formed
by dissociation of c2+. To provide additional evidence that the
b2+ is formed by dissociation of (KYK + H)+, singly protonated
molecular ions were formed directly by ESI and dissociated
using SORI-CAD at two different maximum collision energies
(Figure 5). The ratio of b2+ and y2+ formed by SORI-CAD is
comparable at both energies and is similar to that observed in
our ECD experiments of (KYK + 2H)2+ and this ion with one
water molecule. However, the abundances of these ions increase
relative to that of (KYK + H - H2O)+ with increasing collision
energies, indicating that the b2+ and y2+ ions have higher
formation energies but their formation is entropically favored
over loss of a water molecule. These results are entirely
consistent with the ECD experiments where water molecule loss
from the (KYK + H)+ occurs preferentially over b2+ and y2+
formation at higher n, corresponding to lower internal energies
(see Figures 3 and 4).
Recombination Energy. A measure of the internal energy
deposited into a hydrated ion can be obtained from the number
of water molecules lost from the reduced precursor ion.44-48
Water molecule retention by b, y, c, or z type fragment ions (or
any of their subsequent dissociation products) is not observed
for any of the precursors in this study, and no fragment ions
with water molecules attached are observed for n < 10.
However, one or more water molecules are retained by the
reduced precursor or reduced precursor that has lost a hydrogen
atom for n g 10. The distribution of hydrated ions is quite
narrow. For example, product ions resulting from EC of (KYK
+ 2H)(H2O)n2+, n ) 20 and 25, are shown in Figure 6a and b,
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Figure 6. ECD spectra of (a) (KYK + 2H)(H2O)202+ and (b) (KYK +
+

Figure 5. SORI-CAD spectra of (KYK + H) formed directly by
nanoelectrospray ionization with two different excitation conditions corresponding to maximum translational energies in the laboratory frame,
Emaxtrans, of 2.2 (top) and 2.6 eV (bottom).

respectively. Predominantly loss of 10, 11, and 12 water
molecules occurs from these reduced precursors. The width of
this product ion distribution can be attributed to partitioning of
the recombination energy resulting from electron capture into
rotational and translational energy of the departing water
molecules, as observed in previous ion nanocalorimetry studies.46 Minor product ions corresponding to both hydrogen atom
and ammonia loss, both accompanied by water loss, are
observed. These minor dissociation channels can be attributed
to a water caging effect and will be discussed in more detail
subsequently. The weighted average of the number of water
molecules determined from the abundances of these product ions
is 10.9 and 10.8 for n ) 20 and 25, respectively.
From the distribution of ions that retain one or more water
molecules, the average number of water molecules lost from
the reduce precursor or the average number of water molecules
retained by the reduced precursor can be obtained as a function
of n. The abundances of hydrated precursor ions that have lost
NH3 or H are included in this analysis. These data are shown
in Figure 7. For n ) 10, the combined abundance of the solvated
ions is only 4% of the total ECD product ion signal, whereas
solvated ions are 74% of the overall ECD product ion signal
for n ) 12, and only hydrated ions are observed for n g 14.
The average number of lost water molecules increases with n
and reaches a plateau of ∼10.8 for n g 12 (Figure 7). The
average number of water molecules retained by the reduced
precursor (including reduced precursor that has lost NH3 or H)
is zero for n < 10 but increases linearly with size for n g ∼11.
Fitting these data to a straight line (R2 ) 0.999) results in an
x-intercept value of 10.7, consistent with the observed plateau

2H)(H2O)252+. Numbers, n, above ECD product ion peaks indicate major
products (KYK + 2H)(H2O)n+•. Insets are ×7 expansions of the relative
abundances of the spectral regions indicated; asterisks (*) indicate noise
peaks.

Figure 7. Average number of water molecule lost (O) and retained (9)
upon ECD of (KYK + 2H)(H2O)n2+, plotted as a function of n. The line
represents a least-squares fit to the water molecule retention data for n g
11.

in the average number of water molecules lost upon EC (10.8).
This value of 10.7 corresponds to the cluster size at which the
energy of evaporative cooling of an equivalent number of water
molecules is equal to the RE that is deposited into these ions.
Recent experiments done on this instrument indicate that the
internal energy deposited into hydrated ions upon EC depends
on neither the cathode voltage nor electron irradiation time under
the conditions used in these experiments, although some ion
activation as a result of inelastic ion-electron collisions does
occur at longer irradiation times.48 Ion excitation can occur with
higher energy electrons or in some instruments employing
J. AM. CHEM. SOC.
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multipass setups.57-59 BIRD also occurs in these experiments
as a result of radiative emission from the surrounding copper
jacket and from the heated cathode, but the results are corrected
for this effect using data obtained when electrons are not
introduced into the cell. EC is most efficient when the relative
velocity between an ion and an electron is zero. For example,
the EC cross section for D+(D2O)2 increases by about 3 orders
of magnitude when the ion-electron center-of-mass-frame kinetic
energy decreases from 0.01 to 0.001 eV.60 The spread of electron
velocities in these nanocalorimetry experiments is broad, owing
both to effects of varying electrostatic potentials inside the cell
and to electron-electron repulsion resulting from the high
electron currents used in these experiments. In addition, inelastic
ion-electron collisions that do not result in electron capture can
result in lower electron kinetic energies. These factors could
result in a small fraction of electrons with near-zero kinetic
energy inside the ion cell, and these electrons should be the
ones most efficiently captured in these experiments.
To obtain an estimate of the internal energy deposition from
the number of water molecules lost from the reduced precursor
ions, the threshold dissociation energies for loss of each water
molecule must be known. These values have not been measured,
but estimates of these values can be obtained from water binding
enthalpy measurements for similar small protonated peptides.
For example, Bowers and co-workers have measured the
individual water binding enthalpies of up to four water molecules
to different protonated peptides and analogous molecules.61,62
They found that these values are lower when the protonation
site is involved in intramolecular hydrogen bonding,61,62 as
should be the case for the reduced precursor in this study. From
these measurements, we estimate that the water binding energies
to the singly charged reduced precursor in our experiments are
roughly 9.5 and 8.5 kcal/mol for the first and second water
molecule, and 7.5 kcal/mol for all additional water molecules.
By comparison, the binding energy of a water molecule to a
neutral water cluster is calculated to be 7.5-8.2 kcal/mol for n
) 10-25 using a discrete implementation of the Thomson liquid
drop model for an uncharged cluster.63 The threshold dissociation energies are lower than the binding enthalpies, but some
energy also partitions into translational and rotational modes
of the evaporating water molecules.46 In sum, we estimate that
the energy removed from the reduced precursor by an evaporating water molecule is ∼1.5 kcal/mol higher than the binding
energies in these experiments based on calculations for similar
size hydrated metal ion clusters,46 that is, the energy removed
is approximately 11 kcal/mol for the last water molecule, 10
kcal/mol for the second to last, and 9 kcal/mol for each
additional water molecule. Sequential loss of individual water
molecules is entropically favored over loss of water clusters,
although we cannot eliminate the possibility that the latter
(57) Chan, T. W. D.; Ip, W. H. H. J. Am. Soc. Mass Spectrom. 2002, 13,
1396–1406.
(58) Kjeldsen, F.; Haselmann, K. F.; Budnik, B. A.; Jensen, F.; Zubarev,
R. A. Chem. Phys. Lett. 2002, 356, 201–206.
(59) Tsybin, Y. O.; He, H.; Emmett, M. R.; Hendrickson, C. L.; Marshall,
A. G. Anal. Chem. 2007, 79, 7596–7602.
(60) Någård, M. B.; Pettersson, J. B. C.; Derkatch, A. M.; Al Khalili, A.;
Neau, A.; Rosen, S.; Larsson, M.; Semaniak, J.; Danared, H.; Kallberg,
A.; Österdahl, F.; af Ugglas, M. J. Chem. Phys. 2002, 117, 5264–
5270.
(61) Liu, D. F.; Wyttenbach, T.; Barran, P. E.; Bowers, M. T. J. Am. Chem.
Soc. 2003, 125, 8458–8464.
(62) Wyttenbach, T.; Liu, D. F.; Bowers, M. T. Int. J. Mass Spectrom.
2005, 240, 221–232.
(63) Donald, W. A.; Williams, E. R. J. Phys. Chem. A 2008, 112, 3515–
3522.
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occurs. However, both the narrow hydrated product ion distribution and the excellent agreement between results from nanocalorimetry experiments with redox active species and reduction
potentials in solution46 indicate that water loss occurs sequentially.
Using these binding energies combined with estimates of
energy partitioning, the RE determined from the equivalent of
10.7 water molecules is 11 + 10 + 9 × 8.7 ≈ 99 kcal/mol (4.3
eV). Because solvent and molecular reorganization occur on a
time scale much faster than these experiments, the measured
RE reflects the reorganization energy and is an adiabatic
value.46,47 This value is within the range of values between 4
and 7 eV that have been estimated previously,1,2,36 but this value
has neither been measured nor calculated for multiply protonated
peptides or proteins. The RE obtained from these measurements
is for hydrated precursor ions with between 10 and 25 water
molecules and is remarkably constant over this range in cluster
size, indicating that significant charge solvation occurs for even
smaller clusters. The RE is expected to be somewhat larger for
precursor ions with fewer water molecules owing to the effects
of charge solvation by the water molecules, so the value of 4.3
eV represents a lower limit to the RE of the unsolvated
precursor. These results do show that the vast majority of the
RE is deposited into internal modes of the reduced precursor,
consistent with EC results obtained from extensively hydrated
calcium dications.45
The RE of the diprotonated peptide is equal to the ionization
energy of a hydrogen atom plus the hydrogen atom affinity of
the singly protonated peptide, less the proton affinity of the
singly protonated peptide. The protonation sites and the surrounding molecular environments in the diprotonated peptide
differ, and these two protonation sites may be expected to have
slightly different intrinsic proton affinities. The distribution of
hydrated ions with n g 12 resulting from EC indicates that the
energy deposition is very narrow, and the width of this
distribution can be largely accounted for by the distribution of
kinetic and rotational energy of the evaporating water molecules,
indicating a single RE value despite the presence of two different
protonation sites. The presence of 12 or more water molecules
on the diprotonated peptide reduces the intramolecular solvation
of the charge compared to the unsolvated ion (Vide infra) and
may make both proton sites more equivalent.
Fragment Formation Energies and Entropies. Breakdown
curves, in which fragment ion abundances are plotted as a
function of a measure of internal energy deposition, e.g., centerof-mass collision energies in collisional activation experiments,
are useful for determining information about activation energies
for endothermic reactions.38,39,64 In contrast, EC reactions are
exothermic by a value corresponding to the difference in the
recombination energy and the stabilities of the products. Owing
in part to the fact that the recombination energy is often greater
than any activation barriers for product formation, no experimental measurements have been made on the barriers for ECD
product ion formation for reduced peptides.
From the EC data of the unsolvated and hydrated precursor
ions as a function of n, estimates of appearance energies (AE)
and relative entropies for forming various ECD product ions
can be obtained in an analogous manner to more conventional
energy resolved experiments for endothermic reactions. The
evaporation enthalpies for the loss of water molecules can be
used to establish an energy scale. The “zero” on this scale
(64) Armentrout, P. B. In Modern Mass Spectrometry; Schalley, C. A.,
Ed.; Springer: Berlin, 2003; Vol. 225, pp 233-262.
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corresponds to the cluster size where the energy required to
evaporate all of the water molecules equals the recombination
energy. This cluster size can be obtained by extrapolating the
average number of water molecules lost from more highly
solvated ions that retain water molecules to zero water retention.
As described above, extrapolating these data for n g 11 results
in a value of 10.7 water molecules.
With a “zero” energy on the breakdown curve established
for n ) 10.7 (Figure 7), the internal energy of the reduced
precursor increases with decreasing n, with the difference in
internal energy determined by the energy taken away by
evaporating each water molecule from the cluster. This energy
scale, which is superimposed in Figure 4, makes it possible to
establish an AE for forming each product ion. For example,
c2+ is observed even at n ) 10, for which cluster size some
(KYK + 2H)(H2O)+ is also observed. This places the appearance energy for forming c2+ as competitive with the energy
required for evaporating this last water molecule from the
reduced precursor. Because loss of a water molecule occurs with
a “loose” transition state, it is entropically favored over
rearrangement reactions. This establishes an approximate energy
for formation of the c2+ ion as 11 kcal/mol (0.5 eV), the energy
required to evaporate the last water molecule. An upper limit
to the formation of this and other ions can be calculated using
eq 1:
AE ) RE -

∑E

w

(1)

where ΣEw is the total energy removed by lost water molecules.
This establishes an upper limit to the energy for formation of
the c2+ ion of about (99 - [10 + 9 × 8]) ) 17 kcal/mol (0.7
eV). Similarly, z2+• ions are observed for n ) 6 but not 7 placing
the minimum energy required for formation of the z2+• ion as
comparable to the difference of the RE and the energy taken
away by the loss of 6 water molecules, or (99 - [11 + 10 + 9
× 4]) ) 42 kcal/mol (1.8 eV). The preferential formation of
z2+• ions over c2+ ions at higher internal energy despite its higher
appearance energy indicates that formation of the z2+• is
entropically favored over formation of c2+. Moreover, the fact
that formation of these ions depends on available internal energy
is consistent with these ions being formed by a statistical
process. Quantum calculations for cleavage of the N-CR
backbone bond of a model reduced peptide, NR-glycylglycine
amide radical cation, indicate formation energies for competing
c and z type ions of 16 and 29 kcal/mol, respectively.27 The
agreement between these quantum chemical values and the
measured appearance energies for formation of c2+ and z2+•
from KYK is very good, given the uncertainty in the measured
values ((1 water molecule or ∼9 kcal/mol) and likely structural
effects due to the different ions investigated.
Formation of the b2+ ion appears 8 water molecules above
the “zero” corresponding to an appearance energy of (99 - [11
+ 10]) ) 78 kcal/mol (3.4 eV), making it a significantly higher
energy dissociation process than formation of either c2+ or z2+•.
This energy is higher than typical threshold dissociation energies
to form many b ions from other protonated peptides and
proteins.12-14,38,39 The abundance of y2+ tracks that of b2+
indicating its appearance energy is only slightly higher (88 kcal/
mol), but its formation entropy is similar. In addition, the
recombination energy of an unsolvated ion should be higher
than that with 10 water molecules attached so this value should
be a lower limit to the appearance energy. The high appearance
energy may be due to significant stability of the intermediate

Figure 8. Thermochemistry for electron capture by (KYK + 2H)(H2O)n2+

deduced from ion nanocalorimetry experiments, where the recombination
energy is determined from the number of water molecules lost from the
reduced precursor (see text). Appearance energies (kcal/mol) relative to
the reduced precursor are indicated in parentheses.

(KYK + H)+ ion, the low initial internal energy of the cold
ions in this experiment, or it could be that the H atom that is
lost from the bare or minimally solvated reduced precursor
carries away a significant amount of the available RE. The
process for H-atom formation and temperature effects are
currently under investigation. The energetic information deduced
from these nanocalorimetry experiments for ECD of (KYK +
2H)(H2O)n2+ is summarized in Figure 8.
Solvent Caging. Internal hydrogen bonding has been implicated in the formation of c and z ions in ECD spectra.1,30,33,65
Recent ECID results on small di- and tripeptides indicate that
retention of the H atom by the reduced precursor ion increases
with molecular size suggesting that intramolecular solvation
plays a role in reducing H-atom loss, consistent with results
for ions with methanol molecules attached that also result in
increased abundance of the intact reduced precursor.55 No
correlation between H-atom loss and formation of c or z ions
was observed in the ECID experiments suggesting that ionic
hydrogen bonding and charge solvation does not play a role in
forming these ions.
To determine the extent to which the protonation sites in the
unsolvated (KYK + 2H)2+ form intermolecular hydrogen bonds
to other polarizable atoms, conformational searching using both
the MMFFs and OPLS force fields was performed. Many lowenergy structures were identified (at least 1000 within 50 kJ/
mol of the lowest-energy structure for each ion) and a
representative low-energy structure identified in this search is
shown in Figure 9 (top). In almost all the low-energy structures
found for the bare ion, the protonated amines each form one or
more hydrogen bonds to polarizable atoms in the peptide, either
the N-terminus (not protonated in these calculations, but similar
binding motifs are possible if protonated), a carbonyl oxygen
of the backbone, or the hydroxyl oxygen or phenyl ring of
tyrosine. Of the 280 structures identified within 30 kJ/mol of
the lowest-energy structure, only 7 exhibit a lysine side chain
not involved in hydrogen bonding, and all 7 of these structures
are at least 26 kJ/mol higher in energy than the lowest-energy
structure. These results strongly indicate that both protonation
sites in the diprotonated peptide participate in intramolecular
hydrogen bonding at the temperature of the ECD experiments
(-140 °C).
Low-energy structures for the diprotonated peptide with 10
and 25 water molecules are shown in Figure 9 (middle and
(65) McLafferty, F. W.; Horn, D. M.; Breuker, K.; Ge, Y.; Lewis, M. A.;
Cerda, B.; Zubarev, R. A.; Carpenter, B. K. J. Am. Soc. Mass Spectrom.
2001, 12, 245–249.
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Figure 10. Normalized abundances of (KYK + 2H)+• (including water

retention) and (KYK + H)+ formed by EC of (KYK + 2H)(H2O)n2+ as a
function precursor ion size, n. The abundances of ions formed by subsequent
loss of ammonia from (KYK + 2H)+• or water from (KYK + H)+ have
been included in the normalized abundance of their respective precursors.

Figure 9. Representative low-energy structures of (KYK + 2H)2+, (KYK

+ 2H)(H2O)102+, and (KYK + 2H)(H2O)252+ obtained from 10 000
conformer Monte Carlo searches using the MMFFs force field (similar
structures were identified using the OPLS force field), with the amino groups
of both lysine sidechains protonated; these groups are circled for ease of
identification.

bottom, respectively). These structures are representative of the
types of structures that may be present in this experiment and
provide insights into how water organizes around this ion. In
the structure with 10 water molecules, 6 water molecules attach
directly to the protonated nitrogens, completely solvating both
charge sites. The remaining 4 water molecules hydrogen bond
to other water molecules or form hydrogen-bond networks to
other heteroatoms in the peptide. With 25 water molecules, the
charge sites are extensively solvated by the water molecules,
which bridge the two charge sites and also form hydrogen bonds
to the peptide. These results show that the attachment of water
molecules can influence the structure of the diprotonated peptide
by directly solvating the protonation sites and reducing intrinsic
intramolecular solvation of these sites.
The normalized relative abundances of (KYK + 2H)+• and
(KYK + H)+, corrected for the loss of NH3 and H2O and water
retention by these respective ions, as a function of n are shown
in Figure 10. Data for n ) 0 are not shown because these ions
do not survive. Formation of (KYK + H)+ is dominant at small
n whereas formation of (KYK + 2H)+• is dominant at large n.
A transition between formation of (KYK + H)+ and (KYK +
2H)+• occurs at n ≈ 5. At this cluster size, these two ions are
formed with nearly equal abundance.
The transition between loss of hydrogen from the reduced
precursor to survival of the reduced precursor appears to
12688
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correlate with the extent of hydrogen bonding of the protonation
sites, that is, H-atom loss becomes increasingly unlikely when
all of the H atoms at the protonation site are involved in
hydrogen bonds. Loss of an H atom continues for clusters as
large as n ) 10, although a small amount of H-atom loss in
competition with water loss is also observed for the much larger
clusters. Upon EC of (KYK + 2H)(H2O)102+, nearly all water
molecules are lost and the dominant ions are the intact reduced
precursor and reduced precursor that has lost an ammonia
molecule.
These results indicate that the water molecules effectively
act as a “cage” that traps the H atom in the reduced precursor.
The intact reduced precursor either survives, because the
majority of the recombination energy goes into evaporating the
water molecules, or it dissociates by loss of an ammonia
molecule or a hydrogen atom, which for an unsolvated hypervalent ethylammonium radical is expected to occur with barriers
of about 0.4 and 0.2 eV, respectively.66
There appears to be a relationship between retention of the
hydrogen atom and c and z ion formation for (KYK + 2H)2+,
based on their relative abundances as a function of hydration
extent (Figure 4). Although some (z2• - COOH)+ is formed
even at n ) 0 (∼11%), both b2+ (∼82%) and y2+ (∼8%) are
significantly more abundant and are almost certainly formed
by excited (KYK + H)+, consistent with the SORI-CAD data
of this same ion formed directly by ESI (Figure 5), and the
breakdown curves (Figure 4). The small abundance of (z2• COOH)+ can be attributed to dissociation of excited (KYK +
2H)+•. The increase in z2+• and subsequently c2+ with increasing
n appears to be related to the decreased propensity for H-atom
loss from the reduced precursor. These results strongly indicate
that both z2+• and c2+ require the retention of a hydrogen atom
for their formation and that their abundance is directly related
to the extent of hydrogen bonding or solvent caging that occurs
in these ions. Changes to the peptide conformation or even
zwitterion formation as a result of increasing hydration can
occur, and these effects may also influence the fragment ions
observed.
Effects of Hydration on Molecular Survival. It is clear from
these data that water molecules can protect the reduced precursor
from dissociating by removing a large portion of the recombination energy when these water molecules evaporate from the
cluster. For clusters with n g 10, some water molecules remain
attached to the reduced precursor ions, and for n g 14, all
(66) Yao, C. X.; Tureček, F. Phys. Chem. Chem. Phys. 2005, 7, 912–920.
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product ions are hydrated. For these larger hydrated precursor
ions, the majority of the ion signal corresponds to (KYK +
2H)(H2O)n+•, but minor ions corresponding to these ions that
have either lost an H atom or an ammonia molecule are also
observed (Figure 6). Interestingly, these latter ions have slightly
different distributions of water molecules attached. For example,
EC of (KYK + 2H)(H2O)252+ results in loss of 10, 11, and 12
water molecules from the intact reduced precursor, corresponding to an average of 10.8 water molecules lost. An ion
corresponding to (KYK + H)(H2O)15+ is also observed. The
one less water molecule that is lost from this ion compared to
the average number lost from the intact reduced precursor
indicates that the energy required for the loss of an H atom
from these clusters is about that required for the loss of a single
water molecule, or roughly 9 kcal/mol (0.4 eV). Formation of
(KYK + 2H - NH3)(H2O)13+• is more surprising because no
(KYK + 2H - NH3)(H2O)14+• is observed (Figure 6). Because
loss of NH3 should not be significantly exothermic, the
accompanying net loss of 12 water molecules from the intact
reduced precursor suggests that ammonia leaves with one or
two water molecules attached, that is, a hydrated cluster of
ammonia is lost.
The comparable abundance for the loss of ammonia and loss
of an H atom from (KYK + 2H)(H2O)25+• indicates that these
processes are competitive. Loss of an H atom is significantly
favored for the unsolvated ion despite having only a slightly
lower dissociation barrier than that for loss of ammonia. The
competitive loss for the more highly solvated ions indicates that
water molecules form an effective cage that significantly reduces
direct H-atom loss. Because the CH2-NH3 bond is also very
weak, cleavage of this bond is nearly as probable as cleavage
of the CH2NH2-H bond in the solvated ion.
Conclusions

The recombination energy of an electron captured by a
multiply protonated peptide ion can be determined using ion
nanocalorimetry by measuring ECD spectra as a function of
the number of water molecules in a hydrated peptide ion. For
(KYK + 2H)(H2O)n2+, the RE is equal to the energy that is
taken away by evaporating the equivalent of 10.7 water
molecules from the reduced clusters, or about 4.3 eV. This value
does not change significantly for hydrated ions with between
11 and 25 water molecules, indicating that the charge sites in
the protonated dipeptide are significantly solvated in even
smaller clusters, consistent with results from molecular mechanics calculations. Because water molecules should stabilize these
gaseous ions, the RE value obtained from this experiment
represents a lower limit to the RE of the unsolvated precursor.
These results show that the majority of the available RE is
deposited into internal modes of the peptide ion.
An important feature of these experiments is the ability to
measure appearance energies and obtain information about
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relative entropies of fragment formation, even though these
processes can be highly exothermic in ECD of the bare ion.
Energy taken away by evaporating water molecules is not
available for fragment ion formation, so that a breakdown curve
of fragment ion abundance with an energy scale determined by
the energy removed by each water molecule can be used to
establish appearance energies. Information about dissociation
pathways and relative entropies can then be deduced. Ion
nanocalorimetry is a general method that could readily be
applied to other exothermic processes that are inaccessible to
direct investigation by more conventional thermochemical
methods.
Water molecules influence the conformation of the peptide
primarily by replacing intramolecular interactions at protonation
sites with more favorable interactions with water molecules,
which also form hydrogen bonding networks to polarizable
atoms in the peptide. Water also acts as a “cage” that
significantly reduces H-atom loss compared to the unsolvated
peptide and makes loss of an ammonia molecule from highly
solvated ions a competitive process. Hydrated ions will also
have different electronic properties than the unsolvated ion,
which can affect how electron capture and subsequent dissociation occur. By investigating other peptides and even proteins
using this nanocalorimetry approach, thermochemical data can
be obtained that may provide significant new insights into the
role of sequence, hydration, and even conformation on the ECD
fragmentation process. This may prove useful for improving
automated algorithms aimed at extracting structural information
from large databases of ECD spectra. The appearance energy
for formation of c2+ from (KYK + 2H)+• (∼11 kcal/mol) is
∼88 kcal/mol less than the recombination energy. Thus,
formation of this fragment ion should be prompt and likely
occurs on a time scale substantially shorter than H/D scrambling,
making ECD a potentially attractive method to elucidate protein
conformations from solution-phase H/D exchange rates. Recent
ECD results for a selectively labeled peptide suggest that the
extent of scrambling can be minimal for small peptides.67 The
role of electrons in DNA damage, which can occur as a result
of ionizing radiation in ViVo, could be investigated using this
ion nanocalorimetry method, and information about how water
molecules or other molecules may mitigate DNA damage could
be obtained from such experiments.
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Electron-Capture-Induced Dissociation of Microsolvated
Di- and Tripeptide Monocations: Elucidation of
Fragmentation Channels from Measurements of Negative
Ions
Henning Zettergren,*[a] Lamri Adoui,[b] Virgile Bernigaud,[b] Henrik Cederquist,[c]
Nicole Haag,[c] Anne I. S. Holm,[a] Bernd A. Huber,[b] Preben Hvelplund,[a] Henrik Johansson,[c]
Umesh Kadhane,[a] Mikkel Koefoed Larsen,[a] Bo Liu,[d] Bruno Manil,[b]
Steen Brøndsted Nielsen,*[a] Subhasis Panja,[a] Jimmy Rangama,[b] Peter Reinhed,[c]
Henning T. Schmidt,[c] and Kristian Støchkel[a]
The results from an experimental study of bare and microsolvated peptide monocations in high-energy collisions with cesium
vapor are reported. Neutral radicals form after electron capture
from cesium, which decay by H loss, NH3 loss, or N Ca bond
cleavage into characteristic zC and c fragments. The neutral fragments are converted into negatively charged species in a second
collision with cesium and are identified by means of mass spectrometry. For protonated GA (G = glycine, A = alanine), the
branching ratio between NH3 loss and N Ca bond cleavage is

found to strongly depend on the molecule attached (H2O, CH3CN,
CH3OH, and 18-crown-6 ether (CE)). Addition of H2O and CH3OH
increases this ratio whereas CH3CN and CE decrease it. For protonated AAA ([AAA + H] + ), a similar effect is observed with methanol, while the ratio between the z1 and z2 fragment peaks remains unchanged for the bare and microsolvated species. Density
functional theory calculations reveal that in the case of [GA +
H] + (CE), the singly occupied molecular orbital is located mainly
on the amide group in accordance with the experimental results.

1. Introduction
It is well established that electron capture dissociation (ECD) of
peptide cations in the gas phase leads to backbone fragmentation (cleavage of N Ca bonds) in competition with hydrogen
and ammonia loss.[1] ECD causes a well-defined backbone fragmentation pattern and extensive fragmentation that makes it
relatively easy to obtain the sequence of amino acids. Despite
the vast number of ECD studies, there is still no consensus regarding the electron-capture mechanism of free low-energy
electrons.[2–8] The ECD technique is mimicked by electron transfer from an anion to the peptide cation in low-energy collisions (electron-transfer dissociation, ETD)[9–13] or by electron
capture from a neutral gas target in high-energy collisions
(electron-capture-induced dissociation, ECID).[14–17] The main
difference between these methods is that the recombination
energy is fully absorbed by the peptide in ECD if dissociation
is statistical, whereas the excitation energy depends on the
electronic state populated in the ECID process as well as the
electron binding energy of the anion in ETD. The experimental
timescales are also very different, typically tens of milliseconds
in ECD and a few microseconds in ECID. Interestingly, the ECD
and ECID spectra are still very similar,[18] which raises questions
regarding the energetics and excited-state dynamics after electron capture.
To shed light on these intriguing issues, a series of ECID experiments have been carried out in Aarhus.[14–18] There has also
been a large body of theoretical work focused on elucidating
the mechanism of ECD,[4–6, 19–22] and it has been shown that the
ChemPhysChem 0000, 00, 1 – 6

activation barriers for fragmentation are very low,[5, 6] which
makes it difficult experimentally to distinguish between statistical and nonstatistical fragmentation. Notably, the majority of
these theoretical studies were devoted to singly charged peptides or small-peptide models. In this context, one unfortunate
drawback of the electron-capture techniques is the inability to
study monocations, since only charged fragments can be
mass-to-charge analyzed. There has thus been a gap between
experiment and theory. Recently, however, this has been circumvented by performing so-called charge reversal experi-
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ments,[23] in which singly charged peptides capture an electron
in collisions with alkali atoms.[24] Neutral fragments are then
converted to anions in a second collision followed by mass
spectrometric analysis. Absolute branching ratios between
channels cannot be obtained in this way unless the electroncapture cross sections of all the neutrals are similar and the
formed anions are stable. Still, changes in the fragmentation
pattern can be identified.
In the present work we have used the charge reversal technique to study singly protonated peptides, [GA + H] + and
[AAA + H] + (G = glycine, A = alanine), to elucidate the relative
importance of NH3 loss and N Ca bond cleavage for microsolvated peptide monocations or complexes. The experimental
results are discussed in view of recent experimental results on
hydrated peptides[25] and density functional theory calculations
of the singly occupied molecular orbitals (SOMOs) of the neutral radicals.

Experimental Section
The experimental setup has been described in detail elsewhere.[26, 27] Peptides were dissolved in water/methanol (1:1) with
5 % acetic acid and electrosprayed. Ions were introduced into an
accelerator mass spectrometer, accelerated to 50 keV, mass-tocharge selected by a magnet, and passed through a heated
cesium vapor cell (Figure 1). The vapor pressure was kept high
(50 % of the main beam was reduced) to allow for secondary colli-

Figure 1. Schematic diagram of the experimental setup.

sions in which an additional electron may be captured by neutral
species formed in the first collision. The fragment ions were analyzed by a hemispherical electrostatic analyzer and measured by a
channeltron detector. In the following, the abbreviations CID and
+
CR will be used when a positive and a negative fragment-ion
spectrum, respectively, was recorded (in both cases the parent ion
entering the collision cell was positively charged). In separate experiments, crown ether (18-crown-6 ether) and acetonitrile were
added to the solution to produce the corresponding complexes.

2. Results and Discussion
First we consider the bare [GA + H] + peptide. The most prominent peak (m/z = 147) in the CID spectrum of [GA + H] + corresponds to the parent ions (Figure 2). On the left-hand side, the
fragments from collisions with cesium are clearly seen. The

&2&
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Figure 2. Product ion spectra obtained from the collisions between
[GA + H] + ACHTUNGRE(H2O)n and Cs. Top: Positive-ion fragments (n = 0); below: negativeion fragments (n = 0–3).

most abundant peaks are due to
backbone fragmentation, which
gives sequence-specific a + , b + ,
and y + (see Scheme 1).[28] In addition, there are peaks corresponding to [GA + H-NH3] + and CO2 + Scheme 1. Peptide backbone
ions, which stem from N- and C- cleavage gives sequence-speterminal fragmentation, respective- cific a, b, c, x, y, and z fragly. Loss of CO2H is also observed. ments.
The + CR spectrum of [GA + H] +
shown in Figure 2 reveals that
there are only three strong fragment peaks. The y ions (m/z =
88) most likely originated from collision-induced dissociation
of the parent ion into y and b + in a first collision followed by
electron capture to the neutral y fragment in a second collision.
The formation of z ions (m/z = 73), on the other hand, was
due to two electron-capture events from cesium (Scheme 2). In
the first step, electron capture led to cleavage of the N Ca
bond to give zC radicals together with neutral c fragments.[24] In
the next step, the neutral z fragment picked up a second electron which led to the formation of stable z anions. In contrast,
cC radical anions, if formed at all, did not survive on the experimental timescale.[24] Note that it was not possible to rule out
that a small fraction of the fragments shown in the + CR spectra stemmed from dissociation of dipeptide anions formed
from two electron-transfer collisions. The third strong peak in
the spectrum (m/z = 130) corresponds to ammonia loss
(Scheme 2). There is also a small peak at m/z = 145 corresponding to the loss of two hydrogen atoms, which most likely arise
from two collisions in which the parent ion captures an electron and duly loses a hydrogen atom in each collision.
In this context it is important to note that the present experiment does not give the probabilities for a certain fragmen-
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Dissociation of Microsolvated Peptide Monocations

Scheme 2. Electron capture by the N-terminal group leads to ammonia loss
and N Ca bond cleavage.

tation pathway following single-electron capture to a peptide
monocation, as the electron-capture cross section (most likely)
is different for the different neutral fragments formed in the
first collision. However, the method is sensitive to changes in
the branching ratios and thus provides valuable information
regarding the competition between decay pathways in, for example, a microsolvated environment with respect to the bare
ions. This is clearly illustrated for the hydrated species (n = 1–3)
shown in Figure 2, where the [GA + H-NH3] peaks are larger
than the z peaks (N Ca bond cleavage), that is, the opposite
behavior to that of the bare ions (n = 0). Again there are small
peaks corresponding to the loss of two hydrogen atoms. Interestingly, the spectra for the microsolvated species are very similar. Thus, there seems to be a major shift in the branching
ratio when one or more water molecules are added to the
bare ion. A similar trend is seen when water is substituted by
methanol. We have earlier reported that solvation of [AK +
2H]2 + (K = lysine) by methanol increases the loss of NH3 and reduces the formation of c + and z + C after electron capture,[15] in
agreement with the current findings for monocations.
In another experiment, we further investigated the solvent
effect on the fragmentation pathways. Figure 3 shows the
+
CR spectra of [GA + H] + ACHTUNGRE(H2O), [GA + H] + ACHTUNGRE(CH3OH), [GA + H] +
ACHTUNGRE(CH3CN), and [GA + H] + (CE) (CE = crown ether) parent ions. The
spectra for water and methanol are rather similar, whereas
there appears to be less NH3 loss relative to z fragment ions
when one CH3CN molecule is added. When one crown ether
molecule is added, the ammonia loss channel is closed. In
Figure 4, we show the ratios between the intensities of the
[GA + H-NH3] and z ion peaks as a function of the number of
solvent molecules added to the bare ion as described above. It
is clear that the ratio decreases with the addition of CH3CN
and crown ether, while the ratio becomes larger when water
or methanol molecules are added to the bare ion. The strongest peak in the [GA + H] + (CE) spectrum (Figure 3) corresponds to C2H4O (m/z = 44) due to crown ether cleavage, as
concluded from the large similarities between the + CR specChemPhysChem 0000, 00, 1 – 6

Figure 3. Product ion spectra obtained from the collisions between
[GA + H] + (S) and Cs. Negative-ion fragments (top to bottom): S = H2O,
CH3OH, CH3CN, and crown ether (CE).

Figure 4. Ratios between the intensities of negative-ion fragments
([GA + H NH3] and z ) produced in collisions between [GA + H] + (S)n and
Cs, where S = H2O, CH3OH, CH3CN, and CE, and n is the number of molecules
attached.

tra of (CE)H + , NH4 + (CE), and [1,6-diamine + H] + (CE) (see Figure S1, Supporting Information).
Finally, we measured the + CR spectra of [AAA + H] +
ACHTUNGRE(CH3OH)n (n = 0–3) presented in Figure 5. Again the most
prominent peaks correspond to NH3 loss and z fragments
from ECID, whereas the y anions stem from collision-induced
dissociation (see above). In the bare ion case (n = 0), the ammonia loss peak is relatively weak compared to the z1 and z2
peaks, which are of similar intensity in the spectrum. With a
methanol molecule added to the bare ion (n = 1), the most
prominent peak corresponds to ammonia loss, while the relative intensities between the z1 and z2 peaks remain unchanged. A similar relation between the three peaks is seen for
two and three methanol molecules, and thus the overall trend
as a function of the number of methanol units attached resembles that of the dipeptides (Figure 2). This finding suggests
that the same mechanism is responsible for the competition
between ammonia loss and N Ca cleavage in the di- and tripeptide monocations studied in the present work.
To interpret the experimental trends of the peptides in the
water and methanol environments, we rely on recent experimental results on free-electron capture by hydrated KYK (Y =
tyrosine) dications.[25] There, the change in fragmentation be-
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Figure 6. SOMOs of the neutral radicals formed in vertical electron attachment to [GA + H] + and [GA + H] + (CE).

Figure 5. Negative-ion fragment spectra obtained from the collisions between [GHK + H] + ACHTUNGRE(CH3OH)n (n = 0–3) and Cs.

havior with increasing number of water molecules was attributed to the smaller fraction of recombination energy that is
available for peptide fragmentation due to evaporation of one
or more water molecules.[25] It requires about 0.4 eV per H2O
loss. A decrease in internal energy by evaporative cooling will
favor the dissociation channel with the lowest activation barrier. Thus, in contrast to electron capture by [KYK + 2 H]2 + ACHTUNGRE(H2O)6 ,
the z2 + ion is not formed for [KYK + 2 H]2 + ACHTUNGRE(H2O)7. The minimum
energy to form z2 + was then estimated to be 1.8 eV,[25] in good
agreement with quantum chemical calculations of the energy
required to break the N Ca bond of glycylglycine in the amide
radical (1.3 eV). The ammonia loss channel is associated with a
low barrier of only 0.4 eV according to calculations by Tureček
and Syrstad,[29] and to switch this channel off more water molecules initially attached to [GA + H] + are needed.
The most striking effect is seen for the attachment of crown
ether to the -NH3 + group,[30] where the ammonia loss channel
is diminished (see Figures 3 and 4). In this case, the complexation energy is higher than those for water and methanol,
which according to the above discussion should be in favor of
the ammonia loss channel. However, crown ether complexation significantly changes the ground-state electronic wave
function. This is illustrated in Figure 6, which shows the
SOMOs after electron capture to [GA + H] + and [GA + H] + (CE).
Interestingly, the crown ether forces the electron density in the
charged reduced species toward the peptide backbone. A similar effect is seen for [GA + H] + ACHTUNGRE(CH3CN)2 (see Supporting Information). These findings provide an explanation for why NH3
loss becomes less prominent than N Ca bond cleavage
(Figure 4). The structures correspond to the most stable cations optimized at the B3LYP/6-311 + + GACHTUNGRE(d,p) level using the
Gaussian 03 package.[31] It should be noted that the second
most stable [GA + H] + conformer lies 0.05 eV higher in electronic energy according to our calculations. These two bare
ion structures correspond to the most stable structures found
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by Kohtani et al.,[32] who explored the conformational space by
means of molecular dynamics calculations followed by ab
initio calculations. Their MP2 calculations[32] revealed that the
structures are almost degenerate in electronic and free energies. As a consequence, we expect to have both conformers
under the present experimental conditions. However, the
SOMOs are very similar for these two species (see Supporting
Information). The orbital is mainly located on the ammonium
group, and there is only a negligible amount on the backbone,
which suggests that the orientation of the alanine side chain is
unimportant for the electron-capture process.
An advantage in the present experiment is that the electron-transfer processes occur on femtosecond timescales (vertical recombination), which means that the frozen precursor-ion
structures can be used for the charge-reduced species to calculate the initial electronic wave function (before relaxation).
Obviously, it is hard to draw any firm conclusions regarding
the competition between these two channels by analyzing the
molecular orbitals corresponding to vertical electron attachment. For this, a detailed analysis of the dissociation mechanisms by exploring how the electronic wave function evolves
after geometrical relaxation, locating the transition states, and
calculating the rate constants is required. Such a detailed exploration of the potential energy surfaces, as, for example, recently carried out by Tureček and co-workers to interpret ECID
experiments involving the doubly protonated peptides, [GK +
2 H]2 + and [KK + 2 H]2 + (K = lysine),[33] is beyond the scope of
the present study. However, the orbital picture lends some
support to the interpretation of our experimental results, and
may also serve as a first step to reveal the mechanistic details
of the competition between NH3 loss and N Ca bond cleavage
in a solvent environment.

3. Conclusions
We have found that the branching ratio between ammonia
loss and N Ca bond cleavage of singly charged microsolvated
peptides after electron capture from cesium strongly depends
on the solvent molecule attached. Water or methanol favors
ammonia loss whereas attachment of CH3CN or 18-crown-6
ether causes N Ca bond cleavage. Density functional theory
calculations revealed that the SOMOs of the ions in the latter
case were shifted toward the peptide backbone in agreement
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with the diminished ammonia loss channel, while evaporative
cooling of charged reduced ions was inferred as the explanation for the suppressed N Ca bond cleavage in the former
case.
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a b s t r a c t
Electron capture by peptide dications results in N–C␣ bond cleavage to give c+ and z or c and z+ fragments. In this work we have investigated how crown ether (18-crown-6 = CE) complex formation and a
change in the internal energy affect the charge division between the z and c fragments. Both complex
formation and a high temperature have the effect of breaking internal ionic hydrogen bonds. The crown
ether complex also lowers the probability of internal proton transfer between the two fragments, and
reduces the recombination energy of the charged group it targets. The systems under study were doubly
protonated di- and tripeptides, [AK+2H]2+ , [AR+2H]2+ , [KK+2H]2+ and [GHK+2H]2+ (A = alanine, K = lysine,
R = arginine, G = glycine and H = histidine). For crown ether complexes the formation of z+ ions was always
preferred over c+ ions. In the case of [GHK+2H]2+ , the bare ion dissociated into z2 + + c1 and z1 + c2 + from
cleavage of the ﬁrst and second N–C␣ bond, respectively, whereas z1 + fragment ions had higher yield than
c2 + for [GHK+2H]2+ (CE). The internal energy of the ions was changed by storing them in a 22-pole ion
trap in which they were equilibrated to a temperature between −60 and 90 ◦ C in collisions with helium
gas. The average internal energy increased by about 0.4 eV from the lowest to the highest temperature
for the dipeptides and 0.6 eV for the tripeptide. More fragmentation occurred at the higher temperature, as observed by an increase in the formation of b+ and y+ ions after breakage of the peptide bond of
vibrationally hot even-electron cations and from secondary reactions of z+ radical cations within the time
window of the experiment. However, the z+ to c+ partitioning was not found to depend signiﬁcantly on
temperature in the measured range. In addition the decay of [GHK+H]+ /[GHK+2H]• + and [AK+H]+ formed
after electron capture by [GHK+2H]2+ and [AK+2H]2+ was found to occur on a microsecond to millisecond timescale. The data are well described by a power-law decay, which implies that the internal energy
distribution is broad after electron capture and/or hydrogen loss.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Electron capture dissociation (ECD) [1] of peptide and protein
cations in combination with mass spectrometry is increasingly used
for sequencing. The N–C␣ bonds are selectively cleaved to give
either z or c fragment ions (see Fig. 1). In addition, an even backbone fragmentation pattern is generated, which makes it relatively
easy to obtain the order of amino acids. ECD involves capture of
free electrons and has been studied in great detail [1–7] along with
electron transfer dissociation (ETD) where dissociation is initiated
by electron transfer from an anion [8–12].

∗ Corresponding author. Tel.: +45 8942 3601; fax: +45 8612 0740.
E-mail address: anneli@phys.au.dk (A. Ehlerding).
1387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2009.01.019

In our experiments we mimic ECD by the transfer of electrons
from alkali metals to peptide cations in keV collisions [13–18]
and the technique is denoted electron capture-induced dissociation (ECID). The interaction time of the collision partners is a few
femtoseconds, and the electron transfer is therefore nearly vertical,
which means that the nuclei do not move during the electron transfer process. The initial structure of the charge-reduced monocation
can then be assumed to be identical to that of the dication, which is
an advantage when performing quantum mechanical calculations.
For small peptides, collision-induced dissociation can normally be
neglected compared to ECID [14–16].
Although the electron capture process has been studied
extensively, there are still open questions regarding the exact fragmentation mechanism. In this work, we have looked further into
charge division between c and z fragments, and the possible link
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Fig. 1. An illustration of [AK+2H]2+ , showing the cleavages resulting in b, c, y and z
fragments.

to conformation, protonation sites, and recombination energies.
Conformational heterogeneity and multiple protonation sites have
been invoked in several studies to explain why the sequence coverage is increased when the temperature is raised [19–27]. This is
based on the idea that electron capture by different initial structures
leads to radical cations that dissociate differently. Other studies performed on ubiquitin where multiple conformers were separated by
FAIMS (high-ﬁeld asymmetric waveform ion mobility spectrometry) prior to ECD [28] showed that in the dissociation of compact and
extended conformers the same bonds were broken but the yields
of fragment ions differed.
An ion–molecule complex between the c and z fragments is often
formed after breakage of the N–C␣ bond, and the lifetime of this
complex with respect to dissociation is determined by the internal
energy and the size of the complex (i.e., degrees of freedom). The
initial fragments from the N–C␣ cleavage are a z• -radical and a c
fragment with even number of electrons, and the c• and z are then
formed after hydrogen transfer from c to z• within the ion–molecule
complex [26,29–32]. Note that in our nomenclature, z and c have
one more hydrogen atom than z• and c• . The hydrogen transfer
process, however, competes with dissociation of the complex, and
hence the z• /z ratio increases with internal energy along with a
decrease of the c• /c ratio. The division of charge between the c and
z fragments may also depend on the lifetime of the complex compared to the time scale for internal proton transfer processes and
on differences in recombination energies between the two initial
charge sites [5,26,33–35]. Thus, for doubly charged peptides, there
is a preferred neutralization of the cation with highest recombination energy, and this largely determines the fragmentation pattern
[33,34].
Most of the previous work focused on larger peptides or proteins
where several folding motifs are in play. We have instead chosen
small doubly protonated peptides as subjects for study [14–16]. For
dipeptides and tripeptides the Coulomb repulsion between the two
excess charges determines the lowest-energy structures to a large
extent and limits the number of important conformers to a few, two
or three in the case of dipeptides [36]. Such systems are amenable
to quantum mechanical calculations, and detailed reaction paths
including transition states have been calculated by Tureček et al.
[36].
We have earlier shown that complex formation by one or
two crown ethers (18-crown-6 = CE) to doubly protonated di- and
tripeptides signiﬁcantly alters the c+ to z+ ratio, in favor of z+ formation [15]. The crown ether affects the chemistry in at least three
ways; it slows down or prevents internal proton transfer in the
ion molecule complex formed after N–C␣ bond breakage, it pre-

vents internal ionic hydrogen bonding resulting in somewhat more
extended structures, and it lowers the recombination energy of the
charged group that it binds to [37–39]. The previous work was
focused on lysine-containing peptides, and we therefore decided
to carry out a similar experiment for crown ether complexes of
[AR+2H]2+ where the second charge is provided by protonated
arginine instead of protonated lysine (A = alanine and R = arginine).
ECID spectra for [AR+2H]2+ (CE)n , n = 0, 1, and 2, are reported here
together with those for [GHK+2H]2+ (CE)n , n = 0, 1.
An increase of the internal energy of the peptide increases
the probability of an extended structure and lowers the lifetime
of the ion–molecule complex. In the present work, we therefore
decided to investigate how the internal energy of the parent ion
affects the charge division between c and z fragments by varying the temperature. Previous temperature dependent experiments
were on relatively large peptides and hydrogen transfer processes
[26,29–32] whereas the focus of this work is on smaller peptides,
[AK+2H]2+ , [AR+2H]2+ , [KK+2H]2+ and [GHK+2H]2+ . Our experiment
is based on the accumulation of ions in a 22-pole ion trap ﬁlled with
helium buffer gas at different temperatures, followed by acceleration to keV energies and ECID. Mass spectrometric analysis is done
using an electrostatic ion storage ring. This instrument was chosen
for practical reasons but it has the disadvantage that it does not
provide high enough mass resolution to separate the even-electron
cations from the radicals. Hence the focus is on the relative abundance between z+ and c+ ions, that is, how the charge is divided
between the two fragments.
Finally, lifetimes of charge-reduced ions were measured for two
of the peptides by monitoring the decay in the storage ring on the
microsecond to millisecond time scale. This experiment provides
important information on the internal energy distribution after
electron capture and possibly hydrogen loss and is not easily done
with other instruments.

2. Experimental setup
Compounds were purchased from Sigma–Aldrich and used
without further puriﬁcation. The crown ether measurements in the
case of [AR+2H]2+ and [GHK+2H]2+ were made using an accelerator
mass spectrometer [40,41]. Ions were produced by electrospray of
peptides dissolved in water/methanol (1:1) with acetic acid added
(5% in volume). Crown ether (18-crown-6), CE, was added in different amounts to produce complexes with either one or two CEs
attached. [AR+2H]2+ (CE)n , n = 0, 1, and 2 were accelerated to 22, 46
and 70 keV, respectively, and [GHK+2H]2+ (CE) ions were accelerated to 100 keV. After mass selection by a magnet the ions passed
through a cesium vapor cell where ECID took place as electrons were
transferred from cesium atoms to the doubly charged peptide ions.
After a ﬂight time of 2–3 s, the fragment ions were energy/charge
analyzed by a hemispherical electrostatic analyzer and counted by
a channeltron detector.
Temperature dependence measurements were done using the
electrostatic ion storage ring ELISA (see Fig. 2), which has been previously described in detail [42–44]. The ions were produced in an
electrospray ion source and transported through a heated capillary
and a lens system. A 22-pole ion trap which, under normal operation, is used to accumulate ions, served a second purpose in this
experiment as it was used to control the temperature of the ions.
The temperature of the ion trap was varied in the range −60 to
90 ◦ C, and through collisions with helium (at an estimated pressure of a few mTorr) the ions were thermalized and acquired the
surrounding temperature. Radiative cooling or heating of the ions
is not considered to be important on the time scale of the experiment (0.1 s). After the ion trap, the ions were accelerated to 22 keV
and mass selected before passing through a Na vapor cell, heated to
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Fig. 2. A schematic of the experimental setup. See text for details.

250 ◦ C, where they captured an electron. After about 30 s (ﬂight
path indicated in Fig. 2), the fragment ions formed in the ECID
process were analyzed using the ion storage ring ELISA [42–44]
as a mass spectrometer. A recent development makes it possible
to switch the ring element voltages in ELISA to match the mass
of a fragment ion [44]. In this way the correct fragment ion beam
could be selected, and this beam was stored in the ion storage ring
for about 60 ms. The fragment ion beam was then dumped onto a
microchannel plate (MCP) detector, and the signal gave one point in
the mass spectrum. This scheme was repeated over the range of all
fragment masses to give a complete mass spectrum. The pressure
in the ring was in the order of 10−11 mbar to reduce the importance
of collision-induced dissociation.
In a separate experiment, the lifetimes with respect to dissociation of the charge-reduced ions (M•+ or M+ −H) of M2+ = [GHK+2H]2+
and [AK+2H]2+ were also measured by storing them in ELISA and
monitoring the decay based on the yield of neutral fragments
formed as a function of time.
Cs was used for the accelerator mass spectrometry experiments
and Na for the storage ring experiments but previous experiments
have shown that ECID is almost independent on the collision gas
being Na or Cs [16].
3. Results and discussion
ECID mass spectra of [AR+2H]2+ (CE)n (n = 0, 1, 2) are shown in
Fig. 3. The statistical uncertainties in the peaks are for all presented data sets around 5–20% depending on the peak height. For
[AR+2H]2+ (CE)n the two charges are initially located on the Nterminal amino group and the highly basic side chain of arginine.
The crown ethers bind to these charged sites, and the size of the
chosen crown ether (18-crown-6) is optimum for the formation of
three hydrogen bonds with ammonium [37–39]. The observed dissociation channels are loss of hydrogen, ammonia or HN C(NH2 ),
C(NH2 )3 , and breakage of the N–C␣ bond to give z+ and c+ ions. The
losses may be accompanied by loss of crown ether. The bare ion,
[AR+2H]2+ , preferably fragments into c and z+ , and this remains the
important channel upon crown ether attachment. For n = 1, both
bare z+ and c+ fragment ions and z+ (CE) and c+ (CE) complexes were
formed, the latter in higher abundance. This indicates that the electron is attached to the bare charged group, which is the one with
the highest recombination energy, RE. The crown ether lowers the
RE of an alkyl ammonium group by about 1.4 eV [38]. In agreement
with this interpretation, Chamot-Rooke et al. [33] have shown that
ECD of charge-tagged GK, AK and GR dications results in c+ ions. The
charge tag was introduced at the N-terminal amino group and has a
lower RE than the other charged group. Hence the electron attaches
to the protonated -amino lysine or to the guanidinium to give c+
fragments. However, their work also suggested the involvement of
excited electronic states to account for some of the dissociation
occurring. For n = 2, we cannot tell from our results whether CE is

Fig. 3. Cs ECID mass spectra of [AR+2H]2+ (CE)n : (a) n = 0 (m/z = 123.5), (b) n = 1
(m/z = 255.5), and (c) n = 2 (m/z = 387.5). The spectra were recorded at an accelerator
mass spectrometer.

lost before or after N–C␣ bond breakage; it likely depends on the
site of electron capture, –C(O)NH– or –NH3 + (CE).
Previous measurements have shown that electron capture by
[GHK+2H]2+ ions leads to c2 + and z2 + ions from breakage of the second and ﬁrst N–C␣ bond, respectively, and in both cases retains
the charge on the heaviest fragment [15]. The two protons are
most likely located at the lysine- amino group and the imidazole
ring of histidine, Gly-His(H+ )-Lys-NH3 + . The proton afﬁnity of the
N-terminal amino group is about 0.6 eV less than that of the imidazole ring according to DFT calculations (B3LYP/6-31 + G(d,p)) [45].
For a simpler model, GH, the proton afﬁnity of imidazole is 0.9 eV
higher than that of the N-terminal amino group, which indicates
that the proton afﬁnity of imidazole in the tripeptide is reduced
by 0.3 eV due to the Coulomb repulsion from the positive charge of
the protonated lysine side chain. When the same experiment was
carried out for the complex between [GHK+2H]2+ and one crown
ether, [GHK+2H]2+ (CE), the ECID spectrum revealed that z1 + (CE),
z2 + (CE), c2 + , and c2 + (CE) ions are formed (Fig. 4). These results were
brieﬂy discussed in a recent letter [15] but the spectrum was not
shown. There is no indication of the formation of c1 + ions but clearly
the c2 + z1 + channel is now open. There are at least two different
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Fig. 4. Cs ECID mass spectrum of [GHK+2H]2+ (CE) (m/z = 171). The spectrum was
recorded at an accelerator mass spectrometer.

complexes present in the ion beam since we can assign peaks to
correspond to z1 + (CE) and c2 + (CE) ions. Thus, CE is located either
at the N-terminal ammonium group or at the lysine ammonium
group. The similar abundances of c2 + and c2 + (CE) and the presence
of z1 + (CE) but the absence of z1 + indicates that the crown ether preferentially binds to the lysine ammonium group, in agreement with
work by Julian and Beauchamp [39]. Still, the fact that c2 + (CE) is
formed implies that in some cases the CE is either located at the Nterminal ammonium or at a protonated imidazole ring. According
to B3LYP/6-31 + G(d,p) calculations on the simpler model system,
[GH+H]+ (CE), the difference in energy between the structure where
the crown ether binds to protonated imidazole, Gly-HisH+ (CE), and
the structure where it binds to ammonium, (CE)+ H3 N-Gly-His, is
0.1 eV more favorable for the imidazole ring being the charge site.
However, the Coulomb repulsion from the protonated lysine chain
in the doubly charged complex is likely to favor (CE)+ H3 N-Gly-HisLys-NH3 + over Gly-HisH+ (CE)-Lys-NH3 + .
For [GHK+2H]2+ (CE) the total yield of z+ ions (bare ions and CE
complexes) was found to be higher than that of c+ . As discussed
above, the crown ether preferentially binds to the lysine ammonium group, which results in a lower RE of this charge site compared
to that of the bare protonated imidazole ring. The electron therefore neutralizes the imidazole to give a neutral c fragment and
a charged z fragment after N–C␣ bond breakage. For comparison,
the main dissociation channel of [KK+2H]2+ changes from c+ + z• to
c + z•+ with the attachment of a single crown ether [15]. The recombination energies of [KK+2H]2+ are similar for the two ionic sites,
and the dominant fragment is by far the c+ ion. With two crown
ethers attached, [KK+2H]2+ (CE)2 , the recombination energies of the
two ionic sites are again similar but the z+ fragment ions are now
more abundant than c+ ions. Only for [KK+2H]2+ (CE), the incoming
electron experiences a difference between the two charged sites
if energetics alone is considered. These results indicate that an
interpretation of the charge division based solely on differences in
recombination energies between the two charged groups is not sufﬁcient to explain the data since the fragmentation of [KK+2H]2+ and
[KK+2H]2+ (CE)2 is completely different. It appears that the charge
division between c+ and z+ is also determined by the proton mobility
in the ion–molecule complex. When crown ether targets the ammonium protons, dissociation of the ion–molecule complex is likely to
be faster than internal proton transfer processes that involve concomitant movement of the crown ether and suggests that charge
division depends on the lifetime of the ion–molecule complex, as
is the case for hydrogen atom transfer processes.
Next we present the data from the temperature variation experiments. The purpose of this study is to investigate the inﬂuence
of the initial structure of the parent ion on its dissociation after
electron capture and a possible dependence on the lifetime of the

Fig. 5. Na ECID mass spectra of [AR+2H]2+ (m/z 123.5) at temperatures of (a) −40 ◦ C,
(b) 25 ◦ C and (c) 90 ◦ C prior to electron capture. The peaks labeled with (*) are
ascribed to secondary fragmentation of the z+ ions. The spectra were recorded at
ELISA.

ion–molecule complex formed after N–C␣ bond cleavage. After
electron capture we expect the internal energy to be similar in
all cases. The ECID mass spectra of M2+ = [AR+2H]2+ , [AK+2H]2+ ,
[KK+2H]2+ and [GHK+2H]2+ at different temperatures are shown
in Figs. 5–8. The spectra are similar to those obtained at the accelerator mass spectrometer [14–16], except for a much larger yield of
b+ and y+ ions in the present experiment. This difference is ascribed
to the higher internal excitation of the ions at the higher temperatures and the longer ﬂight time before mass analysis (30 s vs.
2–3 s). The b+ and y+ ions may also originate from the dissociation of hot M+ −H ions [46–48] since ions that have lost hydrogen
after electron capture dissociate on a microsecond to millisecond
timescale (see below). The longer ﬂight time before mass analysis
makes it possible for us to see the fragment ions from consecutive
reactions.
At high temperatures we observed water loss from the b2 + ion
for the tripeptide, which we believe is induced by the histidine
side chain as seen in other studies [49,50]. The NH3 -loss channel is
reduced in the present measurements, which is ascribed to further
dissociation of the M+ −NH3 ions during the 60 ms storage of the
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Fig. 6. Na ECID mass spectra of [AK+2H]2+ (m/z 109.5) at temperatures of (a) −55 ◦ C
and (b) 90 ◦ C prior to electron capture. The peak at m/z 84 is assigned to cleavage
of the lysine side-chain in accordance with previous observations [52]. The peaks
labeled with (*) are ascribed to secondary fragmentation of the z+ ions. The spectra
were recorded at ELISA.

Fig. 8. Na ECID mass spectra of [GHK+2H]+ (m/z 171) at temperatures of (a) −40 ◦ C,
(b) 25 ◦ C and (c) 90 ◦ C prior to electron capture. The peaks labeled with (*) are
ascribed to secondary fragmentation of the z+ ions. The peak at m/z 178 is due to
loss of H2 O from the b2 + ion. The spectra were recorded at ELISA.

Fig. 7. Na ECID mass spectra of [KK+2H]2+ (m/z 138) at temperatures of (a) −60 ◦ C
and (b) 95 ◦ C prior to electron capture. The b+ and z+ peak is assigned to originate
mainly from b+ ions, see text for details. The peak at about m/z 201 has not been
assigned. The spectra were recorded at ELISA.

fragment ions. At higher temperatures we also observe secondary
dissociation of the z+ ions, in which they lose up to three heavy
atoms with an appropriate number of hydrogen atoms. Unfortunately we could not determine the fragment masses exactly due to
the mass resolution but the secondary fragmentation is in agreement with previous observations by O’Connor and co-workers [32]
who have shown that the odd-electron z•+ ions are highly reactive,
in contrast to the even-electron c fragments. We have earlier shown
that for peptides of similar size, even-electron z− anions are formed
in a second capture collision process whereas no c− anions were
measured [51]. This indicates that internal hydrogen atom transfer
in the initially formed c/z ion pair cannot compete with the dissociation of the ion–molecule complex. If hydrogen atom transfer
had occurred, we would expect the un-even-electron c fragments
to have positive electron afﬁnities and that they would pick up
electrons in secondary collisions to become anions.
The fragmentation of [AK+2H]2+ after electron captures greatly
favors production of z+ ions over c+ ions (no c+ ions were identiﬁed)
(Fig. 6), which is in accordance with earlier experiments [15]. For
[AR+2H]2+ , z+ ions are preferentially formed but the ratio between
c+ and z+ ions approximately doubles as the temperature rises from
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Fig. 9. The ratio of c+ /z+ ion fragments after ECID for (a) [AR+2H]2+ , (b) [GHK+2H]2+ ,
without taking the secondary fragments from z+ into account. Error bars represent
statistical uncertainties.

Fig. 10. Decay spectra of charge-reduced ions from (a) [GHK+2H]2+ and (b)
[AK+2H]2+ . The solid lines are ﬁts to the function Nt−1.5 + K.

−60 to 90 ◦ C (Fig. 9). However, from the fragment spectra in Fig. 5
we see that the z+ products fragment further by losing heavy groups
such as NH3 , as described above. Assuming these fragments originate from z+ ions, the formation of c+ and z+ after ECID is almost
independent of temperature. The same observation is made for the
tripeptide [GHK+2H]2+ , where the measured increase of 40% in the
c2 + to z2 + ratio vanishes when the fragments assigned as originating
from the z+ ions are taken into account.
In the case of [KK+2H]2+ , the b+ and y+ product ions are separated
by only one mass unit from the c+ and z+ fragment ions, and could
not be resolved in the present experiment. However, the lack of
further fragmentation of the z+ , as seen in the case of [AR+2H]2+
and [AK+2H]2+ indicates that the peak at m/z around 130 is mainly
due to b+ ions. Hence the increase of this peak with temperature is
attributed to an increase in the formation of b+ ions, and the main
ECID dissociation channel at high temperatures is still c+ + z.
Calculations of the vibrational frequencies at the B3LYP/631 + G(d,p) level of theory [45] reveal that the average internal
energy of [AK+2H]2+ , [AR+2H]2+ , [KK+2H]2+ , and [GHK+2H]2+ is
raised by about 0.4 eV when the temperature is increased from −60
to 90 ◦ C for the dipeptides and 0.6 eV for the tripeptide. This change
is apparently not enough to change the lifetime of the c/z ion pair or
to change the distribution between different conformers to affect
the partitioning between c+ and z+ signiﬁcantly.
Finally, the decay of the charge-reduced ions of [GHK+2H]2+ and
[AK+2H]2+ was measured by storing them and measuring their lifetimes with respect to dissociation into fragment ions and neutral
fragments. In the case of GHK both [GHK+2H]•+ and [GHK+H]+ were
likely injected into the ring whereas in the case of AK only [AK+H]+
was present after a few microseconds [14]. The decay spectra of
the ions are shown in Fig. 10, and the dissociation was found to
occur on a microsecond to millisecond time scale in both cases. The
number of counts is proportional to the decay rate. The data are
well described by power-law decay, Nt−1.5 + K (N is a normalization
constant, and the additive constant K accounts for fragmentation by
collisions in the ring), implying that the internal energy distribution
is broad [53–55]. For comparison, a power-law decay of photoexcited tryptophan was measured earlier, which was ascribed to the
decay of the tryptophan radical cation formed after prompt hydro-

gen loss [56]. In the present case, the energy distribution may be
broadened also as the result of capture to different electronic states
in the electron transfer process from sodium. The negative power
of −1.5 indicates that we are sampling at the low energy side of the
energy distribution [55], and small changes in the time scale for
the experiment will give large differences in the yields of daughter ions from vibrationally hot ions. This is in agreement with the
much lower yield of b+ and y+ ions for sampling times of only 2–3 s
[14,15].
4. Conclusion
We have found that the partitioning between z+ and c+ after
electron capture by doubly protonated di- and tripeptides is not
signiﬁcantly dependent on the temperature in the range from −60
to 90 ◦ C. A higher internal energy does, however, result in more
fragmentation of vibrationally hot ions. Our results indicate that a
temperature of 90 ◦ C is not high enough to lower the lifetime of
the c/z ion pair to disfavor the formation of c+ ions. In contrast,
attachment of crown ether in general results in z+ ions formed in
higher yields than c+ ions in the case of lysine-containing peptides.
Electron capture by [AR+2H]2+ favors z+ over c+ ions, independent of crown ether complex formation. To fully understand how
the presence of crown ether affects fragmentation requires more
studies. Finally, we have found that charge-reduced peptides have
a broad distribution of lifetimes, resulting in a power-law decay
which means that the internal energy distribution of the monocations is broad, and that small changes in the time scale for the
experiment will give large differences in the yield of daughter ions
from vibrationally hot ions.
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Transition metals as electron traps. I.
Structures, energetics, electron capture,
and electron-transfer-induced dissociations
of ternary copper–peptide complexes in the
gas phase
František Tureček,a∗ Jace W. Jones,a Anne I. S. Holm,b Subhasis Panja,b
Steen Brøndsted Nielsenb and Preben Hvelplundb
Electron-induced dissociations of gas-phase ternary copper-2,2 -bipyridine complexes of Gly-Gly-Gly and Gly-Gly-Leu were
studied on a time scale ranging from 130 ns to several milliseconds using a combination of charge-reversal (+ CR− ) and electroncapture-induced dissociation (ECID) measured on a beam instrument and electron capture dissociation (ECD) measured in a
Penning trap. Charge-reduced intermediates were observed on the short time scale in the + CR− and ECID experiments but
not in ECD. Ion dissociations following electron transfer or capture mostly occurred by competitive bpy or peptide ligand
loss, whereas peptide backbone fragmentations were suppressed in the presence of the ligated metal ion. Extensive electron
structure theory calculations using density functional theory and large basis sets provided optimized structures and energies
for the precursor ions, charge-reduced intermediates, and dissociation products. The Cu complexes underwent substantial
structure changes upon electron capture. Cu was calculated to be pentacoordinated in the most stable singly charged complexes
of the [Cu(peptide − H)bpy]+• type where it carried a ∼+1 atomic charge. Cu coordination in charge-reduced [Cu(peptide −
H)bpy] intermediates depended on the spin state. The themodynamically more stable singlet states had tricoordinated Cu,
whereas triplet states had a tetracoordinated Cu. Cu was tricoordinated in stable [Cu(peptide − H)bpy]−• products of electron
transfer. [Cu(peptide)bpy]2+• complexes contained the peptide ligand in a zwitterionic form while Cu was tetracoordinated.
Upon electron capture, Cu was tri- or tetracoordinated in the [Cu(peptide)bpy]+ charge-reduced analogs and the peptide
ligands underwent prototropic isomerization to canonical forms. The role of excited singlet and triplet electronic states is
c 2009 John Wiley & Sons, Ltd.
assessed. Copyright 
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Introduction
Ternary complexes of a variety of biomolecules with late firstrow transition metal ions, CoII , NiII , CuII , ZnII , represent versatile
intermediates for mass spectrometric investigations.[1] The complexes self-assemble in situ upon mixing the components[2 – 5] and
produce singly or multiply charged cations by electrospray.[6,7]
In peptide complexes, in particular, one positive charge originates from the metal(II) cation, which binds to the deprotonated
carboxylate terminus. The other charges are acquired by protonation of basic sites in the peptide. A conspicuous property of
Cu(II) and several other transition metal complexes is that they
are cation-radicals owing to the open electron shells of the metal
cations, which interact with the even-electron peptide and auxiliary ligands. Collision-induced dissociation (CID) of Cu–peptide
ternary complexes triggers radical-like reactions in the backbone
or side-chain groups that provide information about the peptide
sequence[8] and allow for an easy distinction and quantitation of
leucine and isoleucine residues.[9] Electron transfer between CuII
and the peptide ligand upon collisional activation has been used
to generate metal-free peptide cation-radicals that showed interesting properties.[10 – 12] Ligand–ligand reactions have also been
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reported for Cu(II)-amino acid and peptide ternary complexes that
resulted in unusual eliminations of neutral alkali metal atoms[13,14]
and small molecules, such as carbonic acid, that were formed in
the course of dissociation,[15] as recently reviewed.[16]
The open-electronic shell character of ternary transition metalpeptide complexes raises the question of their behavior upon
electron capture or transfer. In contrast to protonated or alkalimetalated peptides, which are even-electron ions that are
converted to cation-radicals upon electron capture,[17,18] transition
metal-peptide ternary complexes undergo an opposite transition
from open- to closed-shell species. Electron capture dissociation
(ECD)[19] of peptide-transition metal binary complexes has been
studied for several peptides and effects of peptide sequence
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and transition metal have been noticed.[20 – 22] However, the
previous studies were mainly empirical and did not address
some fundamental questions of structure and isomerism in the
complexes, such as the peptide conformations, metal binding
sites, and metal coordination numbers. These may play a role in
determining reactivity and need to be addressed with model
complexes where the binding sites can be determined with
confidence.
We now report joint experimental and computational studies
of ternary complexes of tripeptides Gly-Gly-Gly (GGG) and GlyGly-Leu (GGL) with CuII and 2,2 -bipyridine. Standard ECD[19]
mass spectra CuII -peptide ternary complexes are compared
with electron-capture-induced dissociation (ECID)[23] mass spectra
obtained in beam experiments after collisional electron transfer
from gaseous Cs atoms. We discuss the dramatic differences
observed for ECD and ECID and relate them to the structures
of Cu–peptide ions and their charge-reduced counterparts that
were obtained by extensive electron structure theory calculations.
We also present and discuss charge-reversal (+ CR− ) spectra[24 – 26]
obtained for singly charged peptide-Cu complexes. In a follow-up
study, we will report ECID and + CR− spectra of GGG and GGL
complexes with CoII , NiII , ZnII , and 2,2 -bipyridine and discuss their
structure and dissociations.

Experimental
Materials
Peptides GGG and GGL were purchased from Sigma-Aldrich
(Milwaukee, WI, USA) and used as received. CuII ternary complexes
were prepared by mixing equal volumes of 4 mM solutions of each
the peptide (in 50/50 water–methanol), CuSO4 (in water), and
2,2 -bipyridine (in methanol) at room temperature.

Methods
ECID and + CR− mass spectra were measured on a large-scale
sector instrument described previously.[27] Ions were produced
by electrospray ionization from 1 : 1 water/methanol solutions.
Singly charged complexes of the [CuII (peptide − H)bpy]+• type
were accelerated to 50 keV corresponding to ion velocities of
1.55 and 1.46 × 105 m s−1 , for GGG and GGL, respectively.
Doubly charged complexes of the [CuII (peptide)bpy]2+• type
were produced under the same electrospray conditions and
accelerated to 100 keV corresponding to ion velocities of 2.17
and 2.04 × 105 m s−1 , for GGG and GGL, respectively. The desired
ions with 63 Cu or 65 Cu isotopes from electrospray were massselected by a magnetic sector at mass resolution >1000, and
subjected to collisions with Cs vapor in a special cell. For ECID
measurements, the temperature in the cell was maintained at
80–85 ◦ C to allow mainly single ion collisions with Cs. For + CR−
measurements,[27,28] the temperature in the cell was maintained
at 105–120 ◦ C to allow for two consecutive ion–Cs collisions.
The ion drift times through the 4-cm-long collision cell were,
respectively, t ≈ 266 and 190 ns for the singly and doubly
charged complex ions under study. During the passage through
the cell, the doubly charged ions underwent one collision with
Cs atoms and the charge reduced positively charged products
were separated by kinetic energy in a hemispherical electrostatic
analyzer and detected by ion counting. Singly charged complex
ions were discharged by a collision with Cs to form neutral
intermediates which had a Poisson distribution of drift times before
being ionized to anions in a second collision. The distribution
peaks at t/2 ≈ 130 ns, which represents the most probable
radical lifetime between formation and ionization.[29] Negative
ions formed in the cell were allowed to drift to the analyzer
where they were separated by kinetic energy and detected.

407

2042+

408

390

391

Cu+

292

349

156

× 50

× 50

×5
219
63

252

Figure 1. ECID mass spectrum of [CuII (GGG)bpy]2+• at m/z 204. The inset shows the m/z 385–410 region measured with increased mass resolution.
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× 40

2332+
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*
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310
157
× 40

378

449
422

221

Figure 2. ECID mass spectra of [CuII (GGL)bpy]2+• . (a) ECID of the 63 Cu isotopologue. The upper trace was expanded 40-fold. (b) ECID of the
isotopologue. The upper trace was expanded 40-fold. The peak denoted with an asterisk at m/z 370 was an interference.

Multiple scans were taken and averaged to obtain sufficient
ion counts for most negative ions. ECID spectra of selected
ions were also measured with a narrow (0.1 mm) electrostatic
analyser (ESA) entrance slit for increased kinetic energy and mass
resolution.
ECD and IRMPD spectra of [CuII (GGL)bpy]2+• were measured
on an actively shielded 4.7-T Fourier transform ion–cyclotron
resonance (FT-ICR) mass spectrometer (APEX-III, Bruker Daltonics,
Billerica, MA) upgraded with a mass-selective quadrupole (Q) frontend. Positive ions were produced by direct infusion into an external
Apollo electrospray ion source (Bruker Daltonics) at a flow rate
of 1.5 µl/min with the assistance of N2 nebulizing gas (8.0 psi).
The ESI source was operated under the following conditions:
cylinder, 0 V; capillary, −4490 V; end plate, −4080 V; cap exit, 90 V;

J. Mass. Spectrom. (2009)

65 Cu

skimmer 1, 20 V; skimmer 2, 5.8 V; offset, 3 V; trap and extract,
7.4 V and −6.7 V, respectively; drying gas (N2 ), 3 l/min; drying
temperature, 150 ◦ C. The generated ions were accumulated in
the first hexapole for 0.1 s, transferred into the mass-selective
quadrupole, and the mass-selected ions were accumulated for
1–3 s in the second hexapole. Ion optics further transferred ions
into an Infinity ICR cell[30] where they were trapped by gating the
trapping potentials. All spectra were acquired using apexControl
2.0 (Bruker Daltonics) and data were processed with DataAnalysis
3.4 (Bruker Daltonics). ECD experiments were performed with an
indirectly heated cathode (Heatwave, Crescent Valley, BC, Canada)
operated at 1.7 A of heater current. During the ECD event, ions were
selected by the external quadrupole mass filter then transferred
into the ICR cell where they were irradiated by a pulse of 3–5 eV
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Figure 3. ECD mass spectra of [CuII (GGL)bpy]2+• . (a) 500-ms irradiation time. Inset shows the expanded m/z 220–400 region. (b) 100-ms irradiation time.
The peaks indicated by asterisks are from spontaneous ion dissociations. The ECD fragments at m/z 376 are indicated by arrows. (c) No electron irradiation.

electrons for a duration that was varied between 50 and 500 ms.
The electron energy was adjusted by electrostatic potentials on
the lens and grid elements of the Bruker ECD source. IRMPD
experiments were performed using a 25-W infrared CO2 laser
(Synrad, model 48-2-2, Mukilteo, WA). During the IRMPD event,
ions were selected by the external quadrupole mass filter then
transferred into the ICR cell where they were irradiated by a
pulse of 60% laser power for a duration of 10–300 ms. The m/z
values from both instruments are reported as rounded-off integer
numbers.
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Computations
Standard density functional theory calculations were performed
using the Gaussian 03 suite of programs.[31] Geometries were
optimized using Becke’s hybrid B3LYP functional and the 631+G(d,p) basis set on C, H, N, and O. The Cu core electrons
were handled by the Hay-Wadt effective core potential (ECP) with
the LANL2DZ basis set.[32,33] Spin-unrestricted calculations were
used for all open-shell systems. The same level of theory was
used to obtain harmonic frequencies to characterize local energy
minima (all real frequencies) and transition states (one imaginary
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Scheme 1. Optimized structures and dissociation products of 1a+• and 1b+• .

(IE) and electron affinity (EA) of Cu, which are known accurately as
7.726 and 1.235 eV, respectively.[34] B3LYP/6-311++G(2d,p) gave
IE(Cu) = 8.04 eV and EA(Cu) = 1.21 eV. B3LYP/6-311++G(2d,p)
+ ECP/LANL2DZ gave IE(Cu) = 7.83 eV and EA(Cu) = 0.81 eV.
The root mean square deviation (RMSD) between the B3LYP/6311++G(2d,p) + ECP/LANL2DZ and B3LYP/6-311++G(2d,p)
recombination energies was 0.17 eV for the data set in Table 2. The
RMSD for the relative and dissociation energies was 9 kJ mol−1
for the data set in Table 3. Hence, both methods were deemed to
be adequate for describing the energetics of the Cu-containing
species. In contrast, second-order Møller-Plesset theory[35] (frozen
core) performed poorly in benchmark calculations and gave
IE(Cu) = 4.64 eV and EA(Cu) = 3.46 eV in all-electron calculations
and IE(Cu) = 6.82 eV and EA(Cu) = 0.06 eV in calculations
using ECP/LANL2DZ on Cu. Therefore, MP2 calculations were
abandoned and not used to characterize the complexes. Excited
electronic states were calculated with time-dependent DFT[36]
using B3LYP/6-311++G(2d,p) and ECP/LANL2DZ. Atomic spin
and charge densities were calculated using Natural Population
Analysis.[37]

Figure 4. Ion relative intensities as a function of electron irradiation time.
Full blue circles: m/z 219; Open circles: m/z 237; full red circles: m/z 376;
Upside open triangles: m/z 262; Full squares: m/z 248; Full diamonds: m/z
349; Full triangles: m/z 406; Empty squares: m/z 319.

frequency). The calculated frequencies were scaled by 0.963
and used to calculate zero-point energies and thermal enthalpy
corrections. Improved energies were obtained by single-point
calculations with B3LYP using the larger 6-311++G(2d,p) basis set
on all atoms or in combination with ECP/LANL2DZ on Cu. Both
sets of calculations were benchmarked on the ionization energy
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Results
ECID mass spectra
Collisional electron transfer to [CuII (GGG)bpy]2+• (m/z 204 for the
63 Cu isotope) provided the mass spectrum shown in Fig. 1. The
charge-reduced ions amounted to 53% of the total ion current
indicating a high conversion of the doubly charged m/z 204
precursor. The ECID spectrum showed several singly charged ions,
e.g. m/z 408, 407, 391, 390, 252, 219, and 63. The m/z 63 and 219
peaks were assigned by mass to Cu+ and Cubpy+ , respectively.
The m/z 252 peak corresponded to a [Cu(GGG)]+ fragment due
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Figure 5. + CR− mass spectra. (a) [Cu(GGG − H) bpy]+• and (b) [Cu(GGL − H) bpy]+• . Inset shows the peak of survivor [Cu(GGL − H) bpy]−• measured
with narrow slits at an increased energy and mass resolution.

to loss of bpy (156 Da) from the charge-reduced precursor ion.
The assignment of the high-mass ions was based on a highresolution spectrum (Fig. 1, inset), which showed a doublet due
to the charge-reduced ion and a peak for loss of H at m/z 408
and 407, respectively. The other doublet in Fig. 1 at m/z 391 and
390 was due to loss of ammonia and a combined loss of H and
ammonia from the charge-reduced [CuII (GGG)bpy]+ ion. Several
minor ions in the high-mass region were assigned to Cu-containing
backbone fragments, e.g. (x3 + Cubpy) at m/z 378, (y2 + Cubpy)
at m/z 349, (z2 + Cubpy) at m/z 334, and (y1 + Cubpy) at m/z
292). These presumably originated from the charge-reduced ion
or from the m/z 407 fragment after loss of an H atom. However,
no abundant Cu-containing c or z-type fragments were observed
that are typically produced by ECID of analogous protonated
peptides.[38 – 40]
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The ECID spectrum of [CuII (GGL)bpy]2+• (m/z 232 and 233
for 63 Cu and 65 Cu, respectively) showed several Cu-containing
fragments (Fig. 2(a) and (b)). Mass shifts due to Cu isotopes were
used to aid fragment assignment. Thus, the 63 Cu isotopologue
showed major ions at m/z 63 (Cu+ ), 219 (Cubpy+ ) by loss of
the peptide, m/z 308 (Cu(GGL)+ by loss of bpy), m/z 447 (loss
of NH3 ), and m/z 464. The latter ion corresponded to chargereduced [CuII (GGL)bpy]+ . The mass resolution in the ECID spectra
was insufficient to distinguish the m/z 463 and 464 peaks, and
so the presence in the spectrum of a fragment due to loss of
a hydrogen atom cannot be excluded. The spectrum further
showed a number of minor peaks, e.g. m/z 432, 420 (loss of
CO2 ), 407 (loss of C4 H9 ), 390 (z2 + Cubpy), 376 (x2 + Cubpy), 349
(y1 +Cubpy), and 319 (376−C4 H9 ), which were due to side-chain or
backbone dissociations. The 65 Cu isotopologue showed analogous
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singly charged ions that were shifted by 2 m/z units higher. The
backbone fragments were analogous to those observed for ECID
of [CuII (GGG)bpy]2+• and showed no prominent formation of c or
z-type ions.
ECD mass spectra
ECD was studied for [CuII (GGL)bpy]2+• (m/z 232). The ECD spectra
showed several singly and doubly charged fragments (Fig. 3).
Fragment ions at m/z 406 [Cu(GL−H)bpy]+• , 349 [Cu(L−H)bpy]+• ,
305 (349 − CO2 ), 304 (349 − COOH), 262 (349 − C3 H7 ), 248
[Cu(CH2 NH)bpy]+ , and 237 [Cu(H2 O)bpy]+ were also formed
upon ion activation by IRMPD of the [CuII (GGL)bpy]2+• precursor

J. Mass. Spectrom. (2009)

ion but in the absence of charge-reducing electrons, and
corresponded to the known dissociation products of Cu–peptide
complexes that have been studied previously.[8,9] The m/z 376
fragment ion was analogous to the fragment in the ECID spectrum
of [CuII (GGL)bpy]2+• and showed an acceptably accurate m/z,
376.0726 compared with theoretical 376.0722 for (x2 + Cubpy)
(Fig. 3(a)). However, the ECD spectrum showed neither detectable
m/z 447 and 464 peaks which were dominant in the ECID spectrum,
nor typical c or z peptide backbone fragments.
The ECD fragment ion relative intensities varied with the length
of the electron irradiation pulse, Tel . Upon increasing Tel from 50 to
500 ms the fragment intensities due to activated ion dissociations
decreased, e.g. those for m/z 406, 349, 319, 305, 304, 262, 248, and

c 2009 John Wiley & Sons, Ltd.
Copyright 

www.interscience.wiley.com/journal/jms

F. Tureček et al.

2.256
36

7
.12

1.946 2
Cu

Cu
2.0

2.

56

09
2

2.241

2.212

2.1

1.913

2.159

1a

44

1b

00

Cu

43

2.1

35 Cu

1.

8

1.9

4

1.9

18

9

97

2.

85

1.9

2.

2.237
2.124

OCOO-Cu-N,N-bpy = -178.5
Oamide-Cu-N,N-bpy = 174.5
(T1)1

1c

4

94

1.
08

8

2.018 2.2
Cu
2.291

1
97
1.

3

17

2.

2.312

7
47 Cu 1.9

2.0

2

(T1)2

Figure 8. B3LYP/6-31+G(d,p)//ECP/LANL2DZ optimized structures of 1a–(T1 ) 2 and 2.

237 (Fig. 4). In contrast, the relative intensity of the (x2 + Cubpy)
fragment at m/z 376 increased from 3% at Tel = 50 to 5% at
Tel = 250 ms and then slightly decreased at Tel = 500 ms. The
relative intensity of the [Cubpy]+ fragment ion steadily increased
from 42% at Tel = 50 to 72% at Tel = 500 ms (Fig. 4). The total
intensity due to charge-reduced ions peaked at Tel = 100 ms.
+

CR− mass spectra

Charge-reversal mass spectra were obtained for singly charged
precursors [CuII (GGG − H)bpy]+• (m/z 407) and the 63 Cu and
65
Cu isotopologues of [CuII (GGL − H)bpy]+• at m/z 463 and
465, respectively. The + CR− spectrum of [CuII (GGG − H)bpy]+•
showed a major peak of undissociated [Cu(GGG − H)bpy]−• at
m/z 407 (Fig. 5(a)). Fragment ions were observed at m/z 250–251
(unresolved loss of bpy and bpyH), 234 (loss of bpy and NH3 ),
188 (GGG − H)− , 89 (CuCN)− , 79 (CuO)− , and 63 (Cu)− . The + CR−
spectra of the 63 Cu and 65 Cu isotopologues of [CuII (GGL−H)bpy]+•
were analogous in that they showed major survivor anions (m/z

www.interscience.wiley.com/journal/jms

463 and 465) and fragments (GGL − H)− (m/z 244), and lowmass Cu-containing anions. The + CR− spectrum of [63 CuII (GGL −
H)bpy]+• is shown in Fig. 5(b). In contrast to the GGG complex,
the GGL complexes showed losses of bpy (m/z 307 and 309), not
(bpy+H). The identity of the [Cu(GGL−H)bpy]−• survivor anion was
confirmed by a narrow scan at increased resolution which showed a
single peak at m/z 463 (Fig. 5(b) inset). The fact that intense survivor
anions were detected furnished evidence for the stability of the
intermediate neutral [CuI (GGG − H)bpy] and [CuI (GGL − H)bpy]
complexes on the ca 260 ns time scale of the CR measurements.
However, electron transfer to the singly charged complexes did not
result in peptide backbone dissociations that would be detected
through anionic products.[27 – 29] The relatively facile loss of bpy
upon electron transfer indicated that the deprotonated peptides
had a greater affinity to Cu0 or CuI than did the neutral bpy
ligand. The structures of the precursor ions and charge-reduced
intermediates were further addressed by density functional theory
calculations to aid spectra interpretation.
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[Cu(peptide − H)bpy] ion and neutral structures
Peptides are known to bind to CuII by deprotonated carboxyl
termini to form gas-phase ternary complexes with bpy.[8,9] The
bpy ligand provides two binding sites by the nitrogen atoms.
However, the coordination number of Cu and the other binding
sides in the peptide ligand were not a priori known and had to
be established by extensive geometry optimizations. Starting with
[CuII (GGG − H)bpy]+• , we found several structures to be local
energy minima which differed in the Cu coordination number and
mode of peptide coordination to the metal ion (Fig. 6). The most
stable structure 1a+• had a square pyramidal pentacoordinated
Cu in which the peptide was bound by the deprotonated carboxyl
group and both Gly1 and Gly2 amide carbonyls. Coordination by
the bpy and peptide COO and Gly2 amide carbonyl showed a
near-planar arrangement of these four ligands, whereas the fifth
ligand (Gly1 carbonyl) was positioned at 106◦ to the Cubpy(N,N)
plane and had a substantially longer O–Cu bond (2.34 Å, Fig. 6).
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Tetracoordination at Cu involving the Gly2 amide carbonyl (1b+• )
or the Gly2 amide nitrogen (1c+• ) was 10 and 80 kJ mol−1 less
favorable by G298 , respectively, than pentacoordination in 1a+•
(Table 1). The relatively small energy difference between the
most stable pentacoordinated (1a+• ) and tetracoordinated (1b+• )
structures reflects a fine balance between internal solvation of the
acidic Gly1 amide proton[13,14] by the Gly2 amide on the one hand,
and the loose amide coordination to the metal cation on the other.
The electron density distribution in 1a+• showed 61% of spin
density at Cu, whereas the bpy and peptide ligands carried 19 and
20%, respectively. The Cu atom carried a 1.06 total positive charge,
the bpy ligand had 0.40 positive charge, whereas the peptide
had a −0.46 negative charge. This indicated that the formal +2
oxidation state at Cu in 1a+• was closer to +1. Likewise, structure
1c+• showed 59% of unpaired electron density at Cu while 18%
was in the bpy ligand and 23% was in the peptide, mainly at
the coordinating oxygen atoms. The Cu atom carried a 1.33 total
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positive charge, the bpy ligand had 0.29 positive charge, whereas
the peptide had a −0.62 negative charge. This indicated that the
formal +2 oxidation state at Cu was again closer to +1 in the
tetracoordinated structure.
The optimized geometries for [CuII (GGG − H)bpy]+• were
employed to guide the search for the homologous ion [CuII (GGL −
H)bpy]+• which provided structures 2a+• and 2b+• as local energy
minima (Fig. 7). Other, presumably less stable, coordination and
conformation isomers may exist but were not investigated. The
more stable pentacoordinated structure 2a+• of G298 (2a+• →
2b+• ) = 11 kJ mol−1 (Table 1) was homologous with 1a+• and
showed similar bond lengths. The tetracoordinated structure 2b +•
showed practically identical Cu–N(bpy) bond lengths (2.042 and
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2.047 Å) with those in 1c+• and also the OCOO –Cu and Oamide –Cu
bond lengths in 2b+• (1.901 and 1.976 Å, respectively) were very
close to those in 1c+• . An interesting feature of 2b+• was that one
of the Leu Cβ side-chain hydrogen atoms was close to the Cu atom
at 2.54 Å.
One-electron reduction in 1a+• –1c+• and 2a+• –2b+• resulted
in substantial structure changes following relaxation to the
respective local energy minima of the singlet states (Fig. 8). A
general feature of the neutral singlet complexes was that the
amide carbonyl recoiled from the Cu atom leaving the latter
tricoordinated to the bpy ligand and the peptide carboxylate.
Structures 1a and 1b were practically isoenergetic (Table 1) and
showed increased OCOO –Cu bond lengths (1.946 and 1.913 Å,
respectively) compared with the corresponding ions, which
indicated a weaker binding of the peptide ligand in the neutral
complexes. The atomic charge on Cu was +0.81 in both 1a and
1b indicating a +1 oxidation state. The [CuI (GGL − H)bpy] neutral
complex 2 showed structure features that were analogous to those
of 1a (Fig. 8).
Optimized structures were also obtained for the lowest triplet
states (T1 ) of 1 and 2 which were, respectively, 141 and 143 kJ
mol−1 less stable than the corresponding ground state singlet
structures 1a and 2 (Table 1). The Cu atoms in (T1 )1 and (T1 )2 were
tetracoordinated with a near-planar ligand geometry. The peptide
moieties were bound by the COO and Gly1 amide carbonyls as
ligands (Fig. 8).
Vertical electron attachment to neutral Cu–peptide complex 1a
formed anion 1a−• which was a local energy minimum. Structure
1a−• had a tricoordinated Cu atom and an OCOO –Cu bond length
(1.943 Å) which was similar to that in the neutral complex 1a.
The unpaired electron density was 99% confined in the bpy ligand
which carried a −1.1 charge. The Cu atom had a +0.8 charge which
was compensated by a −0.7 charge on the peptide carboxylate
anion. Thus, electron attachment to 1a practically did not change
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Scheme 2. Reaction scheme for dissociations of 1a.

the oxidation state of the Cu atom which remained close to +1 in
anion 1a−• .
[Cu(peptide)bpy] ion structures
Coordination isomers were also sought for the doubly charged
complexes of the [Cu(GGG)bpy]2+• type (Fig. 9). Amide-Ncoordinated isomers, proposed previously[8,9] such as structure
3b2+• , were substantially (∼100 kJ mol−1 ) less stable than the
oxygen-coordinated structure 3a2+• . Both 3a2+• and 3b2+• contained the peptide ligand as a zwitterion. The greater stability
of 3a2+• was due to the tight H-bonding of the protonated
N-terminus to the COO group in a salt-bridge structure and an additional amide NH· · ·O C hydrogen bond (Fig. 9). One-electron
reduction produced singlet ion 3+ which had tricoordinated Cu
(Fig. 9). The salt-bridge peptide structure was retained in 3+ , although the very tight H-bonding (1.506 Å) indicated that 3+ was
on the verge of collapsing to a canonical peptide structure. This was
indeed found for the [Cu(GGL)bpy]+• complex (Fig. 9). The doubly
charged ion [Cu(GGL)bpy]2+• (42+• ) had a tetracoordinated Cu
with the peptide forming a salt bridge with a tight H-bond between the protonated N-terminus and the Cu-coordinating COO
group. One-electron reduction in 42+• resulted in a substantial
weakening of the Gly2 amide C O–Cu bond which was extended
to 2.858 Å in 4+ . In addition, the peptide ligand in 4+ isomerized
by ammonium proton migration to a canonical structure with the
COOH group coordinating the Cu atom (Fig. 9).
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The unpaired electron density distribution in 3a2+• was 58% at
Cu, 25% in the bpy ligand, and 17% in the peptide. Compared with
1a+• , peptide protonation resulted in only a minor redistribution
of spin density away from the peptide ligand in 3a2+• . The
zwitterionic character of the peptide ligand in 3a2+• was also
indicated by the total atomic charges which amounted to +0.29.
The Cu ion carried a +1.3 charge, whereas +0.37 resided in the
bpy ligand. The spin and charge distribution in 42+• were very
similar to those in 3a2+• .
Recombination energies and electron affinities
The energetics of electron transfer from Cs to the Cu–peptide
complex dication depends on the balance between the recombination energy of the peptide ion and the IE of Cs (3.894 eV).[34]
The calculated adiabatic (REa ) and vertical recombination energies
(REv ) of representative ions are summarized in Table 2. The data
show that coordination of Cu+ to bpy in singlet ions lowered the
recombination energy of the metal ion by ca 3 eV. In contrast, additional coordination of Cubpy+ to (GGG − H) (in 1a+• ) or (GGL − H)
(in 2a+• ) increased the REa by ca 1.2–1.3 eV. This effect stemmed
to a large extent from the substantial reorganization and stabilization of the peptide ligand in the vertically produced species.
Note that the REv of the peptide ternary complexes are close to
the RE of [Cubpy]+ . Both the REv and REa of the peptide complexes
to form singlet states of the reduced species were substantially
greater than the IE of Cs. For example, vertical electron transfer to
the singly charged complexes was 1.0–1.1 eV exothermic to reach
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Scheme 3. Isomerizations and dissociations of 1a−• .
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Scheme 4. Dissociations of 3+ .

the landing point on the ground state potential energy surface of
the charge-reduced singlet species (S0 , Fig. 10). Further vibrational
excitation must follow because of Franck–Condon effects and
structure relaxation on the singlet potential energy surface (PES)
which amounts to 1.0–1.1 eV in 1a and 2 (Table 2). Deposition
of such a substantial internal energy contrasts the experimentally
determined stability of 1a and 2 upon collisional electron transfer.
This may be due to the formation of excited electronic states in
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1a and 2 (e.g. S2 , Fig. 10) or vertical electron capture in a triplet
state (T1 , Fig. 10). The latter triplet state in the vertically formed 1a
with an REv = 4.02 eV is near-resonant with the IE(Cs) and electron transfer to the T1 state can be expected to have a favorable
Franck-Condon overlap.
The calculations confirmed that neutral complex 1a had a
substantial EA (1.6 eV, Table 2) to form a stable anion upon
collisional electron transfer from Cs. This second electron transfer
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Table 1. Relative energies of Cu–bpy–peptide complexes
Relative energya,b
B3LYP/ECP
Species/reaction
+•

B3LYP

6-31+G(d,p) 6-311++G(2d,p) 6-311++G(2d,p)

+•

1a → 1b
1a+• → 1c+•
2a+• → 2b+•
1a (S0 ) → 1b (S0 )
1a (S0 ) → 1 (T1 )
2 (S0 ) → 2 (T1 )
3a2+• → 3b2+•

17
94
15
3
144
146
119

14 (10)c
89 (80)c
12 (11)c
2 (−3)c
141
143
114 (98)c

10 (5)c
86 (77)c
9 (8)c
1 (−4)c
125
131
114 (97)c

a In units of kJ mol−1 . b Relative enthalpies including zero-point
vibrational energy and thermal corrections and referring to 298 K.
c Relative free energies at 298 K.

from Cs forming 1a−• was ca 2.3 eV endothermic and must be
promoted by conversion of a small portion of the available centerof-mass kinetic energy (11.2–12.3 keV) in an inelastic collision with
Cs. Similar conclusions can be reached for 2 under the assumption
that its EA is close to that of 1a.
The recombination energies of the doubly charged complexes
were further boosted by the Coulomb energy released upon
electron attachment. The REa of 3a2+• (8.8 eV) and 42+• (8.7 eV),
both for singlet states of the charge-reduced intermediates,
indicated a highly exothermic process resulting in substantial
excitation in the charge-reduced complexes 3+ and 4+ . The
Franck–Condon energies for vertical electron transfer to 3a2+•
and 42+• were also large (ca 0.8–1.0 eV) and should contribute
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to vibrational excitation in the charge-reduced intermediates. In
view of the highly exothermic ion–electron recombination, it is
not surprising that 4+ underwent complete dissociation upon
electron capture on the 50–500 ms time scale. However, the fact
that non-dissociated 4+ was found in ECID is remarkable and must
be due to the kinetic stability of the complex on the microsecond
time scale.
Dissociation energies
To discuss the kinetic stability of the charge-reduced intermediates, we calculated dissociation energies for several experimentally
determined dissociation reactions. The dissociation energies are
summarized in Table 3 and the B3LYP/6-311++G(2d,p)/ECP energies are discussed in the text. Dissociation energies (Ediss ) in the
precursor ions may serve as benchmarks for the charge-reduced
species. Thus, loss of a GGG radical (5• ) from 1a+• was 298 kJ mol−1
endothermic to be compared with Ediss = 289 kJ mol−1 for the loss
of bpy forming the CuGGG cation-radical 6+• . Both dissociations
may be accompanied by further stabilizing rearrangements in the
radical products, e.g. 5• → 8• and 6+• → 7+• , which are substantially exothermic (Table 3). The product structures are shown
in Scheme 1.
Dissociations by loss of ligands from the neutral complex 1a
are accompanied by peptide coordination at Cu to form isomeric
binary complexes in which the Cu is dicoordinated (Scheme 2). Of
the presumed products, complex 12 was found to be the most
stable one and its formation from 1a required 80 kJ mol−1 at
the thermochemical threshold. The dissociation by loss of bpy
presumably begins by disruption of one of the Cu–N(bpy) bonds
and rotation of the non-coordinated pyridine ring. This step,
which produced a dicoordinated Cu intermediate (11), was only
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Table 2. Recombination energies and electron affinities of peptide–Cu complexes
Recombination energy or electron affinitya
B3LYP/ECP
Species/reaction
1a+• → (S0 )1a
1a+• → (T1 )1a
1b+• → (S0 )1a
2a+• → (S0 )2
2a+• → (T1 )2
2b+• → (S0 )2
3a2+• → (S0 )3+
3a2+• → (T1 )3+ 7.03
42+• → (S0 )4+
42+• → (T1 )4+
1a → 1a−•
Cu+ → Cu
Cu → Cu−
[Cubpy]+ → [Cubpy]•
[Cubpy]• → [Cubpy]−
a
b

B3LYP

6-31+G(d,p)

6-311++G(2d,p)

6-311++G(2d,p)

5.94
4.40
6.11
5.83
4.31
5.98
8.84
7.03
8.69
6.84
1.53
7.83
0.81
4.68
0.64

5.97 (4.89)b
4.45 (4.02)b
6.11 (4.99)b
5.85 (4.75)b
4.30 (4.01)b
5.98 (4.90)b
8.85 (7.87)b
7.07 (6.67)b
8.69 (7.74)b
6.88 (6.58)b
1.58 (1.16)b
7.83
0.81
4.72
0.67

5.84 (4.64)b
4.49 (4.05)b
5.93 (4.80)b
5.72 (4.58)b
4.26 (4.01)b
5.81 (4.72)b
8.69 (7.68)b
7.07 (6.68)b
8.50 (7.55)b
6.88 (6.59)b
1.61 (1.16)b
8.04
1.21
4.76
0.66

Absolute adiabatic values in electron volts including zero-point corrections unless stated otherwise.
Vertical values with no zero-point vibrational energy (ZPVE) corrections.

mildly endothermic (Ediss = 9 kJ mol−1 ) and required a low-energy
transition state for the disruption of one Cu–N(bpy) bond (TS1,
22 kJ mol−1 ). Intermediate 11 appeared to be logically connected
to the formation of 12 by disruption of the other Cu–N(bpy)
bond. Note that loss of a GGG radical (e.g. 5• , Scheme 1) to form
[Cubpy]• was 417 kJ mol−1 endothermic (Table 3) and should not
effectively compete with the loss of bpy on the same potential
energy surface.
Dissociation energies were also calculated for anion 1a−•
(Table 3). Loss of bpy from 1a−• , Ediss = 154 kJ mol−1 , was slightly
more endothermic than the analogous dissociation of neutral
1a and produced anion 13−• . This indicated that the additional
electron transferred to 1a did not destabilize the anion-radical
formed, consistent with the charge distribution in the anion (vide
supra). Loss of the peptide ligand from 1a−• was slightly more
endothermic than the loss of bpy to give either the (GGG − H)−
(5− ) or [Cubpy]− anions as the charged products. Of these two
dissociation channels, the formation of (GGG − H)− was ca 40 kJ
mol−1 more favorable, consistent with the >20 : 1 relative intensity
ratio of the corresponding m/z 188 and m/z 219 peaks that
was observed in the + CR− spectrum of [CuII (GGG − H)bpy]+•
(Fig. 5(a)). Instead of eliminating bpy, ion 1a−• can undergo a
slightly endothermic H-atom migration to one of the bpy nitrogens
(1b−• ) and then eliminate a (bpy + H)• radical forming an even
electron anion (14− or 15− , Scheme 3). These dissociations had
Ediss = 90–94 kJ mol−1 and were substantially less endothermic
than the direct loss of bpy. Note that the pertinent products appear
in the + CR− spectrum as the prominent peak at m/z 250 and 251.
Interestingly, + CR− of the GGL complex 2+• showed mainly loss
of bpy. This may be due to a steric effect of the leucine isobutyl
group which presumably hampers hydrogen transfer to the bpy
ligand and thus blocks elimination of (bpy + H)• .
Dissociations of charge-reduced 3+ proceeded by loss of H,
ammonia, bpy, and the peptide ligand (Fig. 1). The calculated
dissociation energies preferred loss of bpy to give the peptide–Cu
complex 17+ at Ediss = 111 kJ mol−1 (Table 3, Scheme 4).
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Interestingly, loss of H required a high threshold when proceeding
from the ground singlet state of 3+ and may instead proceed from
an excited state accessed by collisional electron transfer.
Losses of bpy and H from charge-reduced 4+ had threshold
dissociation energies similar to the corresponding dissociations
of 3+ (Table 3). The backbone dissociation of 4+ forming the
(x2 + Cubpy) fragment at m/z 376, which was observed in both
ECD and ECID spectra, was also addressed by computations. Since
the nature of the neutral fragment(s) was not known from the
spectra, we considered a loss of ammonia from the N-terminus
followed by elimination of either ketene and formaldimine, or βpropiolactam. The optimized structures of the m/z 376 complexes
19+ and 20+ are shown in Scheme 5. The lowest threshold
energy (92 kJ mol−1 , Table 3) was calculated for the elimination
of β-propiolactam forming the cyclic peptide product 19+ . This
comprised participation by the COO group in the cleavage of
the Cα –CO bond in 4+ forming the dioxo-oxazole ring in 19+ .
Amide hydrogen migration to the COO group was required to
form the less stable complex 20+ . Note that the isocyanate group
in 20+ , which is 69◦ out of the Cu–N,N(bpy) plane, is only weakly
coordinated to Cu at an O–Cu distance of 3.275 Å. The dissociation
energies to form both 19+ and 20+ were lower than those for
the other dissociations of 4+ . The fact the these products (m/z
376) do not dominate the ECD and ECID spectra is probably due
to tight transition states for the individual reactions steps. Note
that these require conformational change to allow for carboxylate
participation, and tight transition states for H-atom migration and
β-propiolactam cyclization to form the thermochemically most
stable products.
Excited electronic states
As indicated above and also in previous work,[41,42] collisional
electron transfer[43 – 45] and electron capture[46 – 50] do not necessarily produce the ground electronic state of the charge-reduced
intermediate. Formation of excited electronic states is especially
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Table 3. Dissociation energies of Cu–bpy–peptide complexes
Dissociation energya,b
B3LYP/ECP
Species/reaction
1a+• → [Cubpy]+ + 5•
1a+• → [Cubpy]+ + 8•
1a+• → 6+• + bpy
1a+• → 7+• + bpy
1a → 9 + bpy
1a → 10 + bpy
1a → 11
1a → TS1
1a → 12 + bpy
1a → [Cubpy]• + 5•
1a−• → 13−• + bpy
1a−• → 5− + [Cubpy]•
1a−• → [Cubpy]−• + 5•
1a−• → 1b−•
1a−• → 14− + (bpy + H)•
1a−• → 15− + (bpy + H)•
[Cubpy]+ → Cu+ + bpy
◦
[Cubpy]• → Cu + bpy
[Cubpy]− → Cu− + bpy
3+ → 16+ + bpy
3+ → 17+ + bpy
3+ → [Cubpy]+ + GGG (18)
3+ → 1a+• + H•
4+ → 21+ + bpy
4+ → 2+• + H•
4+ → 19+ + NH3 + cyc-CH2 CH2 CONH
4+ → 19+ + NH3 + CH2 C O + CH2
4+ → 20+ + NH3 + cyc-CH2 CH2 CONH
a
b

NH

B3LYP

6-31+G(d,p)

6-311++G(2d,p)

6-311++G(2d,p)

271
153
268
159
117
70
11
24
55
392
126
130
175
49
64
65
352
49
30
173
89
121
305
166
300
88
260
106

298
177
289
170
140
94
9
22
80
417
154
161
201
51
90
94
378
79
63
197
111
147
296
190
293
92
245
102

309
188
286
182
136
88
8
20
73
411
148
157
196
55
87
94
380
65
9
195
112
146
281
185
273
88
242
101

In units of kJ mol−1 .
Including zero-point energy corrections and referring to 0 K.

relevant for exothermic collisional electron transfer from Cs where
an excited electronic state of the charge-reduced intermediate
may be produced in a near-resonant process.[51] Triplet and singlet
gas-phase Cu complexes have been reported to exhibit different
reactivities.[52] To gain insight into the possible electronic states
in the charge-reduced intermediates, we investigated the singlet
and triplet state manifolds for [Cu(GGG)bpy] complexes formed
by vertical electron transfer from the most stable precursor ion
conformers.
The singlet and triplet manifolds in vertically formed 1a are
shown in Fig. 10. The three highest doubly occupied molecular
orbitals (MO 98, 99, and 100) in the ground (S0 ) state are
combinations of Cu d atomic orbitals with in-plane or out-ofplane π orbitals on the amide and bpy ligands. The HOMO (MO
100) is shown in Fig. 10. Several low excited singlet states in 1a
arise by excitations from doubly occupied molecular orbitals (MO
98 through MO 100) to π ∗ orbitals in the bpy ligand. Interestingly,
there is no virtual singlet state that would be near-resonant
with the energy level accessed by electron transfer from Cs at
2.07 eV (Fig. 10). The triplet manifold shows the lowest T1 state
as a combination of semi-occupied MO 100 and MO101 (Fig. 10)
which are both bpy π orbitals. The T1 state at 1.94 eV relative
to relaxed 1a is near resonant with the energy level accessed
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by electron transfer from Cs. Several low excited triplet states in
vertically formed 1a arise by electron promotion from the bpy π
orbital (MO 101) to the π ∗ orbitals within bpy and in the amide
ligands. In summary, vertically formed singlet and triplet states
of 1a are mainly due to electron deposition in the π orbitals in
the bpy ligand. Since the bpy ligand is intrinsically very stable,[53]
internal energy conversion can be expected to result in vibrational
excitation to drive dissociations by ligand loss, as observed in the
+ CR− spectra. Conversely, electron trapping by the bpy ligand
hampers electron-induced fragmentations in the peptide.
Singlet and triplet manifolds were also calculated for vertically
formed 3+ as shown in Fig. 11. The calculated excitation energies
indicate that the lowest 15 electronic states in both the singlet and
triplet manifolds are below the energy level accessed by electron
transfer from Cs at 4.96 eV. Hence, electron transfer from Cs is
near-resonant only with high excited states of 3+ . Transition from
such a high excited state can occur to any of the lower-energy
states on the singlet or triplet energy manifolds. Orbital analysis
identified the S3 , S5 , S7 , S8 T2 , T4 , and T5 states as having significant
components of the peptide N-terminal ammonium 3s Rydberglike orbital and amide π ∗ orbitals. These can be expected to induce
reactions by loss of H atoms, ammonia, and backbone cleavages,
as reported for peptide cation-radicals.[38 – 40] The fact that peptide
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backbone dissociations are only minor in ECD of [CuII (GGL)bpy]2+•
and ECID of [CuII (GGG)bpy]2+• and [CuII (GGL)bpy]2+• indicates
that the reactive electronic states are not accessed in the presence
of the Cubpy moiety. The latter can be thought of as an electron
trap that steers dissociation away from the peptide ligand by
capturing the electron in non-reactive electronic states.

Discussion
The calculated dissociation energies pointed out several possible
fragmentation pathways for the charge-reduced intermediates.
We now discuss the calculated data vis-à-vis the fragmentations
observed in the + CR− , ECID, and ECD mass spectra. Starting with
[Cu(GGG − H)bpy] represented by structure 1a, the + CR− mass
spectrum showed an abundant survivor ion and major fragments
by loss of bpy and bpyH (m/z 251 and 250) and Cubpy to give
(GGG − H)− at m/z 188 after collisional reionization. The calculated
energies for 1a indicated a relatively low dissociation threshold for
the loss of bpy (80 kJ mol−1 ), whereas the loss of Cubpy required
417 kJ mol−1 . The internal excitation in the ground electronic
singlet state of 1a was estimated at >200 kJ mol−1 (>2.07 eV)
When formed with this internal energy, 1a would be expected
to dissociate through a low-energy channel, e.g. loss of bpy.
The fact that a substantial fraction of 1a (∼30%) survived for up
to 130 ns may be due to a kinetic shift for the dissociation to
occur with the corresponding rate constant of ca 9 × 106 s−1 .
An alternative explanation is that a fraction of 1a was formed
in a long-lived triplet state (T1 ) which would incur only a
modest vibrational excitation upon electron transfer (Fig. 10).
The calculated dissociation energies for anion 1a−• pointed out
a facile loss of bpyH (90 kJ mol−1 ), whereas the loss of Cubpy
had a higher energy threshold (161 kJ mol−1 ). This is qualitatively
consistent with the lower abundance of the m/z 188 fragment
compared with the m/z 250/251 peak. Similar arguments can be
made for the analogous dissociations observed in the + CR− mass
spectrum of the [Cu(GGL − H)bpy] complex 2.
The calculated dissociation energies of charge-reduced
[CuII (GGG)bpy]+ , as represented by structure 3+ , predicted competing losses of bpy (Ediss = 111 kJ mol−1 ) and GGG (Ediss =
147 kJ mol−1 ), whereas the loss of H required Ediss = 296 kJ mol−1 ,
all starting from the ground singlet state of 3+ . The calculated excitation energy for the ground singlet state was
>4.96 eV = 479 kJ mol−1 from electron transfer with Cs and
even higher for electron capture. In spite of this tremendous excitation energy, both [CuII (GGG)bpy]+ and [CuII (GGL)bpy]+ showed
abundant survivor charge-reduced ions in the ECID spectra, e.g.
ca 15% for the m/z 408 peak from [CuII (GGG)bpy]+ . Note that the
[CuII (GGG)bpy]+ and [CuII (GGL)bpy]+ ions must have lifetimes of
7–8 µs to be detected without dissociation, which corresponds
to dissociation rate constants of <3 × 105 s−1 . The calculated energetics for the ground singlet state of [CuII (GGG)bpy]+ is clearly
incompatible with the observed fraction of surviving chargereduced ion and the branching ratios for the dissociations. This
indicates that electron transfer from Cs produces a substantial
fraction of [CuII (GGG)bpy]+ in long-lived excited electronic states.
In particular, the triplet states show a better match between the
precursor ion and charge-reduced structures and their formation
by electron transfer may have more favorable Franck–Condon
factors than the formation of the singlet states. However, the
nature of these states and the manifolds (singlet or triplet) are
unknown and would require an ion spectroscopy study for closer
characterization.
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The ECD spectra of [CuII (GGL)bpy]2+• show no survivor chargereduced ions and a major dissociation forming [Cubpy]+ . Because
of its substantial stability (Table 3), [Cubpy]+ is a common
end product of various direct or multistep dissociations of
Cu–peptide–bpy complexes.[6 – 8] The only competing dissociation upon electron capture is the formation of the (x2 + Cubpy)
ion at m/z 376, which is represented by structures 19+ and 20+
(Scheme 5) The calculated dissociation energies (Table 3) gave
Ediss = 92–245 kJ mol−1 for consecutive losses of ammonia and
the other neutral molecules from [CuII (GGL)bpy]+ . These are below the threshold energy for loss of H, and comparable with the
threshold for loss of bpy. An interesting feature of the (x2 + Cubpy)
fragment is that the dissociation leading to it involves a cleavage of
the Cα –CO bond next to the Cu-binding amide carbonyl. This may
indicate an initial electronic state (singlet or triplet) that had a high
electron density in the N-terminal Gly to trigger dissociation by loss
of ammonia.[39,54,55] This is apparently followed by a cascade-like
cleavage of the peptide chain[56] which was more extensive on
the longer time scale of the ECD experiments. The (x2 + Cubpy)
intermediate (19+ or 20+ ) is stabilized by rearrangements in the
peptide residue, e.g. by neighboring group participation in the closure of the iminolactone ring in 19+ , or proton migration forming
the weakly coordinating isocyanate group in 20+ .

Conclusions
The experimental and computational data highlight the effects
of ion lifetime and electronic states on the electron-transferinduced dissociations of Cu–peptide–bpy ternary complexes.
Short (10−7 –10−6 s) lifetimes employed on the beam instrument
allowed intact charge-reduced intermediates to be detected. The
dissociations are affected by the electronic states accessed by
collisional electron transfer or electron capture. Low-lying triplet
states are found to be near-resonant with energy levels produced
by vertical electron transfer from Cs and may account for a portion
of kinetically stable intermediates detected in the ECID and + CR−
mass spectra.
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[55] F. Tureček. N—Cα Bond dissociation energies and kinetics in amide
and peptide radicals. Is the dissociation a non-ergodic process?
Journal of the American Chemical Society 2003, 125, 5954.
[56] N. Leymarie, C. E. Costello, P. B. O’Connor. Electron capture
dissociation initiates a free radical reaction cascade. Journal of
the American Chemical Society 2003, 125, 8949.

c 2009 John Wiley & Sons, Ltd.
Copyright 

J. Mass. Spectrom. (2009)

On the charge partitioning between c and z fragments formed after
electron-capture induced dissociation of charge-tagged Lys-Lys and
Ala-Lys dipeptide dications

C. Skinnerup Jensen, A.I.S. Holm, H. Zettergren, J.B. Overgaard, P. Hvelplund, S.
Brøndsted Nielsen

Department of Physics and Astronomy, Aarhus University, Ny Munkegade, DK-8000
Aarhus C, Denmark

1

Abstract
Here we report on the charge partition between c and z fragments formed after femtosecond
collisional electron transfer from Cs atoms to charge-tagged peptide dications. The peptides
chosen for study were Ala-Lys (AK) and Lys-Lys (KK) where one or both of the lysine ε-amino
groups were trimethylated to provide one or two fixed charges. For peptides with only one
charge-tag, the other charge was obtained by protonation of an ammonia group. In some
experiments the ammonium group was tagged by 18-crown-6 ether. Since the recombination
energies decrease in the order: NH4+ > N(CH3)4+ > NH4+(CE) > N(CH3)4+(CE), it is possible to
change the probability for the transferred electron to end up at either the N-terminal or the Cterminal residue by CE attachment. We find, however, that the recombination energies have
little influence on the relative ratio between the yield of z and c ions as long as there are no
mobile protons that can be transferred between the two fragments. Our results can be accounted
for by the Utah-Washington model where the electron is captured into an amide π* orbital that
weakens the N–Cα bond and causes its breakage, followed by proton, electron, or hydrogen
transfer between the two z and c fragments that stay together as an ion-molecule complex for
some time. The data are also in accordance with the notion that the amide group competes with
the charged groups for the electron. Electron capture by charged groups results in loss of small
neutrals such as hydrogen and ammonia.

Introduction
Mass spectrometry is used extensively to sequence peptides and proteins (proteomics). Electron
capture dissociation (ECD)1-3 or electron transfer dissociation (ETD),4-8 where either free
electrons combine with multiply charged cations in the cell of a Fourier Transform Ion
Cyclotron Resonance instrument or electron transfer occurs from anions to cations typically in a
linear ion trap, provide larger sequence coverage than other excitation methods. Importantly,
ECD and ETD also leave posttranslational modifications untouched.1,

9

The dominant

fragmentation channels after electron capture are ammonia loss, hydrogen loss, and N–Cα bond
cleavage to give c and z fragments. The latter are used to obtain the amino acid sequence.

2

The mechanism for the selective cleavage of N–Cα bonds has been up for much debate.
Some of the questions that have been addressed relate to whether the dissociation is statistical or
not,1,

10, 11

where in the peptide the electron is captured,10,

12-16

the significance of the

recombination energy of the capture site,17-21 the delocalization of the electronic state and how it
evolves in time,22 the importance of internal ionic hydrogen bonding and conformational
heterogeneity,9,

23-29

hydrogen atom and proton transfer processes,30-37 the role of partial

solvation,38-40 and how the fragmentation is influenced by the introduction of fixed permanent
charges (charge tags) or metal cations .41-47 Most likely one single mechanism is not sufficient to
explain all data published by various groups.
We have concentrated our work on small peptides, mainly dipeptides and tripeptides that
can be made as doubly charged ions.29, 37, 38, 40, 48, 49 Such systems offer several advantages over
larger peptides: There are few reaction channels, which renders the peaks in the spectra easy to
assign. The small size dictates somewhat unfolded structures to maximize the distance between
the two positive charges. The number of important conformers is therefore limited, which is of
importance for quantum chemical modelling.22 In our experiments, we let the ions interact with
cesium or sodium atoms in ultrashort collisions (few femtoseconds), which implies nearly
vertical electron transfer considering that vibrational periods are tens or hundreds of
femtoseconds. This is again beneficial for modelling since the initial structure of the chargereduced species is known, being the same as that of the parent dication. Fragmentation after
electron transfer is monitored on a microsecond time scale in contrast to ECD and ETD where
the time scale is tens of milliseconds. We have named this technique ECID, electron capture
induced dissociation. Despite the very large differences between ECID and ECD with respect to
energetics and time for the electron transfer process as well as the sampling time for
dissociation, the outcome is surprisingly similar as we have demonstrated for doubly protonated
bradykinin and substance P.49
In this work, we present ECID results on charge-tagged AK and KK dipeptides where a
permanent charge is at fixed known positions (see Figure 1). Either one or both of the lysine εamino groups in the case of KK are trimethylated. The other charge is introduced by protonation
of an amino group. The charge tag alters the physics in several ways: i) since the charge tag is
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not engaged in internal ionic hydrogen bonding, the peptide is less folded, ii) the recombination
energy (RE) of trimethylated ammonium is smaller than that of ammonium, and the electron is
therefore less likely to land on the charge tag, and iii) the charge tag does not possess mobile
protons that can be transferred between the c and z fragments, which may affect the ratio
between the yield of c and z ions. Charge-tagging of an ammonium group with 18-crown-6
ether (CE) causes similar changes, but in this case the RE is lowered even more relative to that
of ammonium because of loss of the strong complexation energy upon electron attachment. A
summary of REs for singly charged model cations is given in Figure 2. These energies are
higher for dications by the Coulomb repulsion energy between the two charges. The fact that the
RE is lower of an ammonium group tagged with CE than that of a trimethylated ammonium
group means that we can to some extent direct the electron to the end we want (see Figure 3).
Here we explore the importance of energetics, employing the AK and KK dipeptide as model
systems.

Experimental
Synthetic peptides and 18-crown-6 ether were purchased from Sigma-Aldrich (AK, KK, CE)
and from CASLO Laboratory ApS (AK’, KK’, K’K, K’K’, the prime refers to the lysine εamino group being trimethylated). Peptides were dissolved in water/methanol (1:1) with acetic
acid added (10 % in volume), and CE was added in different amounts to produce complexes
with either one or two CEs attached. The methyl ester of K’K’, denoted K’K’’, was made by the
addition of one droplet of concentrated H2SO4 to the compound dissolved in methanol (1 mL);
the solution was kept for a couple of days at room temperature before 1 mL of water was added.
Ions were produced by electrospray ionization of the peptide solutions, and the source was on a
platform held at a voltage of 50 kV. Doubly charged ions were accelerated to 100-keV kinetic
energies, and those with the proper mass-to-charge ratio were selected by a bending magnet.50, 51
The ions then collided with cesium atoms in a collision cell. The product ions were separated
according to kinetic energy per charge by a hemispherical electrostatic analyzer and counted by
a channeltron detector.
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Theoretical details
The Density Functional Theory (DFT) calculations presented in this work, unrestricted KhonSham calculations, were carried out using the Gaussian-03 program.REF The hybrid B3LYP
functional that combines the Becke's and Becke's three parameter non local hybrid exchange
potential [ref] with the non local correlation functional of Lee, Yang and Parr [ref] were used.
The B3LYP functional in combination with the 6-31G(d,p) basis set has previously been used
by Turecek and coworkers22 in a detailed exploration of the potential energy surface of
[KK+2H]2+, which motivates the use of the same level of theory in this work. However, such a
rigorous approach is beyond the scope of the present study. Instead, we used the two most stable
[KK+2H]2+ structures (denoted 72+ and 82+ in Ref.
geometry

optimizations

of

[K’K+H]2+,

22

) to build initial guess structures for

[KK’+H]2+,

[K’K’]2+,

[K’K+H]2+(CE),

and

[KK’+H]2+(CE) at the B3LYP/6-31+G(d,p) level of theory. It is important to note that we
cannot rule out that there may be other isomers present under the experimental conditions, and
thus the presented structures may only be regarded as typical structures aimed to aid the
interpretation of the experimental results. Interestingly, the two structures are similar and remain
close in energy (< xx kJ/mol) for a given charge tag position and type, suggesting that the ECID
process displays similar behaviors for both isomers as in the [KK+2H]2+ case [ref]. In the
following discussion, we thus only refer to the most stable structures.
In addition, we extracted the vertical recombination energies from the difference between
the dication energies and the energies from single point calculations of the charged reduced
species (i.e. in the geometries of the dications). As a complement, we carried out calculations of
the (vertical) recombination energies of small singly charged model systems (NH4+, N(CH3)4+,
NH4+(CE), and N(CH3)4+(CE)) at B3LYP/6-31G(d,p) level.

Results and Discussion
ECID spectra of [KK+2H]2+, [K’K+H]2+, [KK’+H]2+, and [K’K’]2+ are shown in Figure 4, and
the branching ratios between the different dissociation channels after electron capture are
summarized in Table 1. For KK, the dominant channels after electron capture involve the
formation of [c+H]+, loss of hydrogen, and loss of ammonia (Figure 4a) as was earlier
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reported.37 Hydrogen loss is more prevalent than ammonia loss. Experiments on K’K also led to
[c+H]+ ions and hydrogen loss while the NH3 loss channel is switched off (Figure 4b). From
15

N-labelling experiments on KK, it has been shown that ammonia loss occurs exclusively from

the protonated N-terminal amino end,37 and we therefore ascribe the absence of ammonia loss
from [K’K+H]2+ to be due to the ionizing proton residing on the C-terminal lysine ammonia
group in accordance with calculations (Figure 5a). The origin of hydrogen loss is expectedly
from the neutralized ammonium group, and this channel has increased in importance compared
to KK. There is a small peak that corresponds to the ion that has lost a methyl group, which
implies that some electron transfer from Cs occurs to the trimethylated ammonium group.
Charge-tagging of the other ε-amino group, KK’, resulted in the formation of z+• ions, and
no [c+H]+ ions could with certainty be detected (Figure 4c). It is worth to notice that the
probability for N-Cα cleavage is lower than that for KK and K’K. Both hydrogen and ammonia
loss occurred from [KK’+H]+•, which indicates that the protonation site is the N-terminal amino
group. In fact the proton is shared between the two amino groups (Figure 5b). Interestingly,
ammonia loss occurred with similar probability as hydrogen loss in contrast to the KK case
where hydrogen loss was dominant. Taken together with the findings for K’K, it indicates that
hydrogen loss occurs after neutralization of a lysine ε-ammonium group whereas ammonia loss
is in competition with hydrogen loss after neutralization of an N-terminal ammonium group.
These findings are in accordance with ab initio calculations of barrier heights done by Turecek
and co-workers.52, 53 Again a small peak can be assigned to arise from ions that have lost methyl.
Electron-induced dissociation of [K’K’]2+ gave both c+• and [c+H]+ but no z+• ions (Figure
4d). N-Cα bond cleavage only accounts for 19 % of the yield after electron capture, and the
importance of this channel increases in the order K’K’ (19%) << KK’ (24 %) << K’K (44%) <
KK (53 %). The intact charge-reduced ion survived the microsecond flight time to the detector.
This finding is in disagreement with neutral reionization experiments on quarternary ammonium
ions by Beranová and Wesdemiotis.54 They found that all hypervalent N species under study
dissociated before reionization since there was no recovery of original parent ions. We,
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however, also see a shoulder to the peak that corresponds to the dehydrogenated ion. For K’K’,
the loss of methyl is now as expected an abundant channel, and N(CH3)3 loss is also observed.
DFT calculations reveal that the ammonium groups in [K’K+H]2+ and [KK’+H]2+ are both
engaged in ionic hydrogen bonding (Figure 5), to the carboxylic acid group and lysine ε-amino
group, respectively, which lowers the REs somewhat compared to free ammonium groups. The
probability of electron capture by ammonium is, however, still higher than capture by the charge
tag based on the higher yield of dehydrogenated ions compared to the yield of intact chargereduced ions or ions that have lost methyl. The [K’K’]2+ is not surprisingly completely unfolded
to minimize the Coulomb repulsion between the two charges (Figure 5c).
We will now address the competition between the formation of c+/[c+H]+ and z+• ions,
that is, which one of the fragments ends up with the charge. The initial cleavage of the N-Cα
bond will result in an even-electron c fragment and a z+• radical cation. These may stay together
as an ion-molecule complex, which allows for internal hydrogen or proton transfer dependent
on the lifetime of the complex.31 We have found that tagging the ammonium protons by CE
does not prevent N-Cα bond cleavage but that proton transfer from the z+• fragment to the c
neutral fragment is strongly prohibited. As a result the dominant ion formed after electron
capture by [KK+2H]2+(CE) is z+• and not c+ seen from [KK+2H]+•.37
It has been possible to explain many of our earlier ECID results based on the UtahWashington mechanism proposed independently by Simons and Turecek12, 14. In this model, the
electron is captured in an amide π* orbital that is stabilized by remote charge-carrying groups.
The intermediate radical anion or superbase may abstract a proton but this in principle is not
necessary to explain the facile N-Cα bond breakage as has been discussed by Turecek and
Simons (Figure 6). Neutralization of the negative site may occur after dissociation unless the
stability of the zwitterion is high. This mechanism in combination with the possibility of
internal proton transfer from z+• to c explains the outcome for [KK+2H]2+ and [KK+2H]2+(CE)
as discussed above. In the case of [K’K+H]2+, internal proton transfer is still an option as it was
for [KK+2H]2+, and [c+H]+ ions are therefore formed. On the other hand, for [KK’+H]2+, there
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are no longer any ammonium protons that can jump to the c fragment, and z+• ions appear
instead of [c+H]+ ions.
Along this line, it is surprising that ECID of [K’K’]2+ gives c+ and [c+H]+ and not z+•.
There is one main difference between [K’K’]+• and [KK’+H]+•, namely the location of the
charge on the N-terminal residue. In K’K’, the charges are fixed on each side chain whereas in
KK’ the ionizing proton is located between the two ammonia groups. The distances between the
negatively charged amide oxygen and the two remote positive charges after electron capture are
therefore different in the two cases. In [KK’+H]+•, the nearby positive charge of the N-terminal
ammonium group stabilizes the negative charge more than the remote charge of the sidechain
does in [K’K’]+• (Figure 8). Indeed, the low yield of backbone fragmentation for the K’K’
peptide may be linked to long distances between the amide group and the two charge sites and
as a result low charge stabilization of the negatively charged amide. Hence, electron capture
occurs preferentially to the charge tags.
Neutral z• radicals formed after ECID of monocations readily pick up electrons to become
anions as evidenced in charge reversal experiments,55 and we therefore suggest that after
breakage of the N–Cα bond in K’K’, the electron is free to jump to the z+• radical to give a
carbanion stabilized by the positive charge of the trimethylammonium group (zwitterion
structure) (Figure 6). This mechanism also accounts for the formation of c+• radical cations;
these may subsequently abstract hydrogen from the z fragment to give [c+H]+ ions that were
also measured. H atom transfer between z and c fragments has been demonstrated to occur with
a probability determined by the lifetime of the ion-molecule complex .31, 56
The carboxyl of the z fragment could in principle act as a proton donor but ECID
experiments on the methyl ester K’K’ dication ([K’K’’]2+, see Figure 1) still produced [c+H]+
ions (Figure 7). Notice the significant loss of methyl, which indicates that the ester group
competes for the electron. For comparison resonant electron capture by amino acid esters led to
methyl loss mediated by a π*OO state.57
Next, we studied the supramolecular complexes [K’K+H]2+(CE) and [KK’+H]2+(CE). The
CE targets the ammonium group in preference to the trimethylated one, by x eV according to
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xxx calculations. The singly occupied molecular orbitals (SOMOs) are changed due to the
binding of CE (Figure 8), and it is evident that the location of the extra electron can be
accounted for by the relative order of recombination energies of the different groups (Figure 2).
It is also noticed that there is electron density on the amide and carboxylic acid groups. The RE
of NH4+(CE) is lower than that of N(CH3)4+ (Figure 2) but the electron can still be captured at
both charge sites from the observation of peaks corresponding to loss of CE and CH3 from
[K’K+H]+•(CE) (Figure 9a). The amount of neutral losses is higher for [KK’+H]+•(CE) than that
for [K’K+H]+•(CE) but again it is evident from the ECID spectrum (Figure 9b) that both
charged groups are capture sites. Importantly, the probability of electron capture by the N(CH4)3+ group has clearly gone up for the CE complexes (compare, Figure 4bc). The c/z
fragment ions formed are [c+H]+(CE) for [K’K+H]+•(CE) and z+• and z+•(CE) for
[KK’+H]+•(CE). These data clearly reveal that the CE is mobile after electron capture and can
rearrange to the charge site to maximize the complexation energy. For comparison,
photodissociation mass spectroscopy of complexes between protonated tryptophan and CE and
between protonated tyrosin and CE also displayed mobility of CE since ammonia was lost
without the CE.58, 59 The structure of [K’K+H]2+(CE) should resemble that of [K’K’]2+: In none
of the two ions internal ionic hydrogen bonding is possible, which explains the finding that
[K’K+H]2+(CE) also dissociates into [c+H]+ ions. There is no significant difference in the
distribution of the two charges in [KK’+H]2+(CE) and [KK’+H]2+ either, and z+• are formed in
both cases, likely together with a c zwitterion. These data are therefore in support of the
mechanism outlined above.
In the Utah-Washington mechanism, the recombination energies of the two charge sites
are not directly important for whether c+ or z+ ions are formed. The charges only play the role of
lowering the energy of the amide π* orbital. Proton exchanges may occur after the N-Cα
breakage as discussed before. If, on the other hand, the backbone fragmentation is a result of
neutralization of one of the charge sites, the fragment ion formed may strongly depend on
differences in REs (at least if subsequent proton transfer is not possible). To address this point,
we carried out another set of experiments on [AK+2H]2+, [AK’+H]2+, [AK’+H]2+(CE),

9

[AK’+H]2+(CE)2. For [AK’+H]2+ the RE of the N-terminal ammonium group is higher than that
of the –N(CH3)3+ charge tag whereas –N(CH3)3+ has a higher RE than the ammonium group
when this is tagged with a CE (cf. Figure 2). The ECID spectra, however, show that z+• ions are
formed in much higher yield than [c+H]+ ions in all four cases (Figure 10 and Table 1). If the
REs of the two charged groups in [AK’+H]2+(CE) were important for the outcome, c+ and z
fragments should initially be formed, and since proton transfer from c+ to z is prohibited by the
CE, this should also be the final fragments after dissociation of the ion-molecule complex.
Figure 10bc shows that the loss of methyl and trimethylamine is more important for
[AK’+H]2+(CE) than for [AK’+H]2+ as expected, but that electron capture by the –NH4+(CE) is
significant evidenced by the two strong peaks due to loss of ammonia and ammonia+CE.
Nonetheless, the lack of c+/[c+H]+ ions even for [AK’+H]2+(CE) for which some electron
capture definitely occurs by the –N(CH3)3+ group is in disfavour of a model where the
neutralized charge sites account for the backbone fragmentation.
It is also noticed that the probability for N–Cα bond cleavage increases in the order:
[AK’+H]2+(CE) > [AK’+2H]2 > [AK’+H]2+. This finding is in keeping with the previous notion
that we in ECID can disentangle the two capture events: capture to a charged groups results in
loss of small neutrals whereas N-Cα bond cleavage occurs after capture to the amide group. The
competition between the different capture sites is determined by the REs and how closely they
match the ionization energy of Cs (3.9 eV) for resonant electron transfer.
ECID experiments were also done for ions where both the ammonium and the
trimethylammonium groups were tagged by crown ether. Here the RE is higher for –NH4+(CE)
than for –N(CH3)3+(CE). The spectrum did, however, not reveal any noticeable change in the
charge partitioning between z and c fragments (Figure 9d). Both z+ and z+(CE) ions were
formed, which indicates that the ions after electron capture and N-Cα bond cleavage have
enough energy to lose crown ether.

Conclusions
The dissociation channels of KK peptides after electron capture significantly depend on the
introduction of charge and crown ether tags. We have explained the competitive formation of c+
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and z+ ions based on the idea that the captured electron populates a charge-stabilized valence
orbital on the amide group (Utah-Washington mechanism). In this picture, after N-Cα bond
cleavage not only hydrogen atom and proton transfer between the two fragments determine the
outcome but also electron jump.
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Table 1. Branching ratios (in percentages) for different product channels after electron capture.
H lossa

NH3
lossa

[KK+2H]2+

37

10

[K’K+H]2+

56

[KK’+H]2+

38

Intact
chargereduced
peptide
ion

[K’K’+H]2+

24

[K’K+H]2+(CE)

44

[KK’+H]2+(CE)

30

Me lossa

NMe3
loss

z ionsb

53
44

36

4

2
41

24
12

19

14
27

42

8

35

[AK+2H]2+

45

25

[AK’+H]2+

42

20

1

37

[AK’+H]2+(CE)

15

42

2

41

[AK’+H]2+(CE)2

39

23

a

c ionsb

28

3

2

35

Includes the combined loss of H/NH3/CH3 loss and CE or CO2 loss. b Includes ions with CE

attached.
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Figure 2. Ground state energies (in eV) of simple model cations (xxx level of theory).
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Figure 3.

The recombination energy of an N-terminal ammonium group not engaged in hydrogen bonding
is higher than that of a trimethylated ammonium group whereas crown-ether tagging of the
ammonium changes this order (see Figure 2). The formation of supramolecular complexes
therefore provides a simple way to direct the electron to a particular site of the peptide.

Figure 4.
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ECID spectra of (a) [KK+2H]2+ (m/z 138), (b) [K’K+H]2+ (m/z 159), (c) [KK’+H]2+ (m/z 159),
and (d) [K’K’]2+ (m/z 180).
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Figure 5.

Optimized structures of (a) [KK’+H]2+, (b) [K’K+H]2+, and (c) [K’K’]2+ at the xxx level of
theory.
Figure 6.

In the Utah-Washington mechanism, the electron is captured by amide oxygen, which weakens
the N–Cα bond. After breakage the products are a c neutral fragment and a z radical cation but
electron or proton jumps may occur to give instead c+ ions and z neutrals. Hydrogen atom
transfer is another possibility but does not change the charge partitioning.

Figure 7.
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ECID spectrum of [K’K’’]2+ (m/z 187). The ion intensity of the parent ion was low and the
signal-to-noice ratio was therefore low. In the spectrum presented, we have removed all peaks
(spikes) that only occur in a single channel.
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Figure 8.
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Singly occupied molecular orbitals of charge-reduced peptides. Vertical recombination energies
of the corresponding doubly charged ions are given.
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Figure 9.
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Figure 10.
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a b s t r a c t
Complexes of doubly protonated 1,n-diaminoalkanes with one or two molecules of 18-crown-6-ether
undergo consecutive and competitive dissociations upon electron capture from a free thermal electron
and femtosecond collisional electron transfer from Na and Cs atoms. The electron capture dissociation
(ECD) and electron capture-induced dissociation (ECID) mass spectra show very different products and
product ion intensities. In ECD, the reduced precursor ions dissociate primarily by loss of an ammonium
hydrogen and the crown ether ligand. In ECID, ions from many more dissociation channels are observed
and depend on whether collisions occur with Na or Cs atoms. ECID induces highly endothermic C C bond
cleavages along the diaminoalkane chain, which are not observed with ECD. Adduction of one or two
crown ethers to diaminoalkanes results in different electron capture cross-sections that follow different
trends for ECD and ECID. Electron structure calculations at the B3-PMP2/6-311++G(2d,p) level of theory
were used to determine structures of ions and ion radicals and the energetics for protonation, electron
transfer, and ion dissociations for most species studied experimentally. The calculations revealed that the
crown ether ligand substantially affected the recombination energy of the diaminoalkane ion and the
electronic states accessed by electron attachment.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Ammonium radicals are transient species that formally have
nine valence electrons on nitrogen and thus violate the venerable octet rule [1]. Simple ammonium radicals such as NH4 • and
a number of alkyl and aryl ammonium derivatives of the RNH3 • ,
R2 NH2 • , R3 NH• and R4 N• -type have been studied extensively by
spectroscopy [2], mass spectrometry [3], and ab initio theory [4],
and their fundamental electronic properties and unimolecular dissociations are mostly well understood. Recently, the properties of
ammonium radicals have become of increased interest owing to
their role in dissociations of biomolecular ions, primarily peptides
and proteins, upon reduction by capture of a free electron [5] or
transfer from atoms [6] or anions [7] in the gas phase. The interaction of an electron with a multiply protonated protein can result in
extensive backbone cleavage from which primary [5], and even ter-
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tiary structure information may be obtained [5b–d]. Unlike other
ion activation techniques, electron capture can result in retention of
labile post-translational modiﬁcations [5e–i], which substantially
increases the information that may be gained from tandem mass
spectrometry.
Chemical recognition in mass spectrometry has shown potential for analytical applications in protein structure elucidation. For
example, charged ammonium groups in peptide lysine residues
have been found to form gas-phase complexes with crown ethers
(CE) [8,9] from which solution-phase structural information may
be inferred. For example, 18-C-6-E adduction in solution to various
proteins has been used to qualitatively probe the surface accessibility of proteins in solution from the number of CE adducted and
the charge state envelopes [9]. Activation of CE adducted peptides
by thermal techniques results in loss of the CE prior to covalent
bond cleavage [8a,10]. Recently, gas-phase complexes of 18-C-6E with small doubly charged peptide ions containing one or two
lysine residues were studied by collisional electron transfer and
the CE had a large effect on the competitive formation of sequence
fragments [6a]. Furthermore, collisional electron transfer to a CE
adducted dipeptide resulted in backbone fragments, some of which
retained the noncovalent CE ligand [6a]. These results raised some
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fundamental questions about the nature of electronic states that are
formed by attaching an electron to CE·ammonium complexes. The
present paper reports a systematic study of electron-ion recombination involving 1,n-diaminoalkane ions and their complexes with
one and two molecules of 18-crown-6-ether. Electron-ion recombination is realized either as electron capture by doubly protonated
ions trapped in an ion-cyclotron resonance cell, or as femtosecond electron transfer to doubly protonated ions from alkali metal
atoms performed at high ion velocity in a beam experiment. The
experimental data are complemented by ab initio and density functional calculations for selected species and interesting comparisons
between the two techniques are made.
2. Experimental
2.1. Materials
1,n-Diaminoalkanes and 18-crown-6-ether were purchased
from Sigma–Aldrich (Milwaukee, WI) and used as received. 1,nDiaminoalkane·CE complexes were prepared in situ by mixing the
components in 1:1 or 1:2 molar ratios in methanol or aqueous
methanol solutions. Gas-phase ion complexes are represented such
that a doubly protonated 1,n-diaminoalkane with m number of
18-crown-6-ethers (m = 1 or 2) is n-mCE2+ . Species which have
undergone deuterium labeling such that they contain x number of
D atoms will be reported as Dx -n-mCE. The D6 -7-1CE and D6 -7-2CE
complexes were prepared in CH3 OD.
2.2. Methods
Electron capture dissociation (ECD), collision-induced dissociation, and infrared multiphoton dissociation (IRMPD) mass spectra
were measured on a Bruker 4.7 T Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer (Bruker, Framington, MA).
The ions were selected by a quadrupole mass ﬁlter, accumulated in
a hexapole linear trap, and transferred to the ICR cell. The trapped
ions were irradiated with an electron pulse for 300–500 ms. The
electron energy was adjusted to maximize ECD efﬁciency. Experiments for measuring the relative efﬁciency of electron capture
for different ions were performed on both 9.4 T [11] and 2.75 T
[12] FT-ICR mass spectrometers with similar operating parameters as described elsewhere [5d,13]. Ions of interest were formed
by nanoelectrospray of aqueous methanol or methanol solutions,
isolated using correlated shot techniques on the 9.4 T instrument
or SWIFT on the 2.75 T instrument, and ECD spectra were acquired
using 30–40 ms electron radiation times. Data analysis was performed via Xmass 8.1 or Midas Analysis 3.21 for the respective
instruments. The ECD efﬁciency was determined by dividing the
sum of all product ion intensities by the sum of all ion intensities
present in the spectrum. For experiments in which two precursors were isolated within the same mass spectrum prior to ECD,
the corresponding products and precursors are considered separately.
Electron-capture-induced dissociation (ECID) spectra were
measured on a sector beam instrument described previously [14].
Doubly protonated ions were generated by electrospray ionization
from aqueous methanol solutions that were acidiﬁed with 1–5%
acetic acid. The ions were accelerated by a 50 kV potential corresponding to 100 keV ion kinetic energies and mass-selected by a
magnetic sector. The ion velocities ranged from 1.63 × 105 ms−1 for
12-2CE2+ to 3.82 × 105 ms−1 for 72+ . Charge transfer was accomplished by collisions with Na or Cs vapor that was admitted to
the collision cell to achieve 20–40% conversions of the primary
ion beam. The ﬂight times between the collision cell and the
electrostatic analyzer were within 3–9 s for the corresponding

117

charge-reduced ions. This deﬁnes the time scale for dissociations
taking place after collisional electron transfer.
2.3. Calculations
Standard ab initio calculations were performed using the Gaussian 03 suite of programs [15]. Optimized geometries were obtained
by density functional theory calculations using Becke’s hybrid functional (B3LYP) [16] and the 6-31+G(d,p) and 6-31++G(d,p) basis
sets for closed shell and open-shell species, respectively. Select
optimized structures are shown in the pertinent schemes and
ﬁgures. Complete optimized structures of all local minima and transition states can be obtained from the corresponding author (F.
T.) upon request. Spin unrestricted calculations were performed
for all open-shell systems. Stationary points were characterized
by harmonic frequency calculations with B3LYP/6-31+G(d,p) or 631++G(d,p) as local minima (all real frequencies) and ﬁrst-order
saddle points (one imaginary frequency). The calculated frequencies were scaled with 0.963 [17] and used to obtain zero-point
energy corrections, enthalpies, and entropies. The rigid-rotorharmonic-oscillator (RRHO) model was used in thermochemical
calculations except for low frequency modes where the vibrational
enthalpy terms that exceeded 0.5 RT were replaced by free internal
rotation terms equal to 0.5 RT.
Improved energies were obtained by single-point calculations
that were carried out with B3LYP and Møller–Plesset theory
(second-order, frozen core) using the 6-311++G(2d,p) split-valence
triple- basis set furnished with polarization and diffuse functions. For the molecular system of the 7-1CE size, the larger basis
set comprised 1530 primitive Gaussians and the MP2 calculations
required over 50 GB of scratch space. The spin unrestricted formalism was used for calculations of open-shell systems. Contamination
by higher spin states was modest, as judged from the expectation values of the spin operator S2  that were ≤0.76 for UB3LYP
and ≤0.78 for UMP2 calculations. The UMP2 energies were corrected by spin annihilation [18] that reduced the S2  to close to
the theoretical value for a pure doublet state (0.75). Spin annihilation lowered the total MP2 energies by 6 millihartree (15.7 kJ mol−1 ,
root mean square deviation) for local energy minima and transition
states. The B3LYP and MP2 energies calculated with the large basis
set were combined according to the B3-MP2 scheme, as described
previously [19].
Vertical excited state energies were calculated with timedependent density functional theory [20] using the B3LYP
functional and the 6-311++G(2d,p) basis set. Atomic spin and charge
densities were calculated using the natural population analysis
(NPA) method [21]. Excited state wave functions were constructed
as linear combinations of virtual orbitals with expansion coefﬁcients obtained from TD-B3LYP/6-311++G(2d,p) calculations.
3. Results and discussion
3.1. Ion formation
Electron capture and transfer were studied for a series of cations
either free or in complexes with one or two molecules of CE.
Diaminoalkanes with chain lengths from n = 4 to 12 were investigated. Doubly protonated ions were produced by electrospray
ionization of free amines or in mixtures with CE. The ions are
denoted as 42+ –122+ for free diammonium, 4-1CE2+ –12-1CE2+ for
complexes with one molecule of CE, and analogously, 4-2CE2+ –122CE2+ for the complexes with two CE molecules.
The efﬁciency for the formation of doubly protonated ions by
electrospray was found to increase with the diaminoalkane chain
length and the number of crown ether molecules in the com-
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Table 1
Calculated proton afﬁnities and gas-phase basicitiesa , b
Species/reaction
(1,7-Heptanediamine + 2H) → (1,7-heptanediamine + H) + H
(1,12-Dodecanediamine + 2H)2+ → (1,12-dodecanediamine + H)+ + H+
(4-1CE + 2H)2+ → (4-1CE + H)+ + H+
(5-1CE + 2H)2+ → (5-1CE + H)+ + H+
(7-1CE + 2H)2+ → (7-1CE + H)+ + H+
18-Crown-6-ether
1,7-Heptanediamine
Pyridine
CH3 OH
2+

a
b
c

+

+

H◦ g,298 (PA)

G◦ g,298 (GB)

690
749
734
756
790
954 (967)c
987 (998)c
928 (930)c
750 (754)c

672
735
700
723
755
914 (910)c
942 (945)c
896 (898)c
720 (725)c

In units of kJ mol−1 .
From combined B3LYP and MP2/6-311++G(2d,p) calculations and B3LYP/6-31+G(d,p) zero-point energies, enthalpies, and entropies.
Experimental PA and GB values in parentheses are from reference [23].

plex. For 42+ through 72+ , electrospray did not produce sufﬁcient
populations of doubly protonated diaminoalkanes to allow ECD
spectra to be obtained. Coulomb repulsion in the doubly protonated ions increases with decreasing chain length and results in
a lower apparent gas-phase basicity with decreasing ion size [22].
Although 52+ can be formed [22a], proton transfer to methanol
is rapid. The proton transfer reactivity decreases with increasing
chain length; for 72+ , proton transfer to methanol occurs at a rate of
7 × 10−12 cm3 mol−1 s−1 whereas this value for 82+ is substantially
less [22a].
Proton afﬁnities and gas-phase basicities (GB) were calculated
using B3-MP2 for several species of interest, as summarized in
Table 1. The majority of the calculated PA or GB values were
within 4–5 kJ mol−1 of reliable tabulated values [23], e.g., those
for methanol, pyridine, and 1,7-diaminoheptane. CEs solvate protons and ammonium ions and thus increase the stability of ion
complexes in the gas phase. The PA of 18-crown-6-ether is important for the energetics of the dissociation of these complexes.
The calculated PA of 18-crown-6-ether (954 kJ mol−1 ) signiﬁcantly
differs from the experimental value from ref. [23] (967 kJ mol−1 ,
Table 1). We note that the original experimental datum resulted in
G◦ g,600 = 11 ± 8 kJ mol−1 for proton exchange with pyridine (Eq.
(1)) at a temperature of 600 K [24], and the PA value was later
extrapolated using an entropy estimate [23]. Experimental difﬁculties were noted by Mautner that were due to ion decomposition
reactions [24]. Our calculations of the thermochemistry of Eq.
(1) reproduce the experimental G◦ g,600 but provide a lower PA
because of smaller entropy correction.

3.2. Diaminoalkane complexes with one and two CE molecules
Electron capture of doubly protonated diaminoalkane·CE is illustrated by the ECD spectrum of 7-1CE2+ (Fig. 1). The spectrum shows
a very weak peak at m/z 395 corresponding to the charge-reduced
ion that has lost one hydrogen atom, which is denoted as M+ ,
and singly charged fragments originating from protonated CE, e.g.,
C8 H17 O4 at m/z 177.112, C6 H13 O3 at m/z 133.085, and C4 H9 O2 at m/z
89.059. These ions also arise by CID and IRMPD of protonated CE
and diammoniumalkane·CE complexes, as determined by independent measurements and shown in Fig. S1 (Supplement), although
the fragment relative intensities differ for IRMPD and ECD. Complementary ions in the ECD mass spectrum that correspond to 7+
were found at m/z 131.154, denoted as A+ , and m/z 114.127 by loss of
ammonia from A+ . The formation of the major ECD fragments can
be accounted for by dissociations shown in Scheme 1, which were
further corroborated by deuterium labeling. The ECD spectrum of a
mixture of D6 -7-1CE2+ (m/z 201.178) and D5 -7-1CE2+ (m/z 200.675,
from incomplete exchange) showed fragments at m/z 400.341 and
399.337 due to loss of an ammonium D from the charge-reduced
complex, and the D5 -7+ at m/z 136.186 and D4 -7+ m/z 135.179
(Fig. 2). Interestingly, the relative intensity of the deuterated M+
ions from D6 - and D5 -7-1CE2+ was ca. 10-fold greater than that
for the non-deuterated ones from 7-1CE2+ , indicating a substantial
kinetic isotope effect on their consecutive dissociation.
The ECD spectra of 4-2CE2+ through 12-2CE2+ were simple and
are represented by the spectrum of 7-2CE2+ (Fig. 3). This showed
a major fragment at m/z 395.302 (ion M+ ) corresponding to a

(18-Crown-6-ether + H)+ + pyridine
→ 18-crown-6-ether + (pyridine + H)+

(1)

H◦ g,298 = 26.7 kJ mol−1 ;
G◦ g,298 = 18.6 kJ mol−1 ;
G◦ g,600 =
−1
11.4 kJ mol .
Since our calculations reproduce well both the experimental
PA of pyridine (928 kJ mol−1 calculated, 930 kJ mol−1 experimental,
Table 1) [23] and the G for the (Eq (1)) reaction, we believe that the
calculated PA = 954 kJ mol−1 is to be preferred over the extrapolated
experimental estimate.
The complexes 4-1CE2+ and 5-1CE2+ were also difﬁcult to generate by electrospray, as the majority of ions being formed were
singly protonated complexes. The formation of doubly protonated
complexes 4-2CE2+ –12-2CE2+ was facile, presumably due to the
decreased proton transfer reactivity of the CE complexated ammonium. The ions generated by electrospray were used for electron
capture and electron transfer experiments. The mass spectrometric
data are ﬁrst described separately and then the results are compared.

Fig. 1. Electron capture dissociation mass spectrum of 7-1CE2+ . The precursor ion is
at m/z 198. Inset shows the expanded m/z 395 region.
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Scheme 1.

Fig. 2. ECD mass spectra of D6 -7-1CE2+ . Insets show expanded regions of ECD fragments.
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Fig. 5. ECID mass spectrum of 7-1CE2+ , collisions with Na.
Fig. 3. ECD mass spectrum of 7-2CE . The precursor ion is at m/z 330.231. The
arrow with X indicates the position of the missing charge-reduced 7-2CE+ ion at
m/z 660.46. The peak labeled with an asterisk is a third harmonics of the m/z 330
peak. Inset shows the expanded low mass region.
2+

combined loss of an H atom and one CE molecule from the chargereduced complex. Less abundant fragments appeared at m/z 177,
133, and 89 that originated from the protonated CE, and at m/z 131
for protonated 7+ (ion A+ ).
3.3. Electron transfer to free diammonium cations
Charge transfer collisions with alkali metal atoms were ﬁrst
studied for 72+ and 122+ . The ECID spectra showed some common features that are exempliﬁed by the Na-ECID spectrum of 72+
at m/z 66 (Fig. 4). The spectrum does not show an intact chargereduced ion at m/z 132. The major charge-reduced fragment is at
m/z 131 corresponding to 7+ formed by loss of a hydrogen atom.
Other, less abundant, fragments appear at m/z 115 (loss of NH3 ),
114 (combined loss of H and NH3 ), 98 (loss of two NH3 molecules),
and 97 (combined loss of H and two NH3 molecules). Interestingly, the spectrum also shows backbone fragments due to C C
bond cleavages, e.g., cation-radicals at m/z 101 (loss of CH2 NH3 ), 87
(loss of CH2 CH2 NH3 ), closed-shell amine cations at m/z 72, 44, 30
(CH2 NH2 + ), and 18 (NH4 + ), and hydrocarbon cations at m/z 69, 55,
41, and 39. The formation of cation-radical fragments is interesting
because it indicates high-energy dissociations occurring either in

the charge-reduced ion or in the m/z 131 and m/z 115 fragments.
Note that C C backbone fragmentation was previously observed
for radicals derived from singly protonated butane and hexane
1,n-diamines under conditions of endothermic electron transfer at
8 keV [3l]. Hence the donor–acceptor energy balance does not seem
to play a dominant role in electron transfer collisions at keV kinetic
energies [25].
ECID of 122+ with Na and Cs atoms gave similar results. The spectra did not show intact charge-reduced ions at m/z 202, while the
major fragment in each case was at m/z 201 due to loss of a hydrogen atom. The other less abundant fragments were at m/z 185 (loss
of NH3 ), 184 (combined loss of H and NH3 ), and 157 (combined loss
of H and two NH3 molecules). Backbone dissociations gave rise to a
cation radical at m/z 171 (loss of CH2 NH3 ) and closed-shell cations
at m/z 156, 142, 128, 114, 44, and 30, as well as the usual hydrocarbon fragments at m/z 83, 69, 55, and 41. Overall, the spectra were
fairly insensitive to the identity of the electron donor (Na or Cs) and
the charge transfer conversion, although some differences deserve
a note. The abundance ratios for the m/z 201 (loss of H) and m/z
184,185 (loss of NH3 ) fragments were [M − H]/[M − NH3 ] = 30 for
charge transfer with Na at 41% conversion and 60 for charge transfer
with Cs at 34–87% conversions from several measurements made
on different days. The peaks in the Cs-ECID spectra are broader, so
the m/z 185 and 184 peaks were not resolved. The spectra indicate
that electron transfer from Cs favored loss of H over loss of NH3 even
more than did collisions with Na. The energetics of electron transfer to diammonium dications and their dissociations are addressed
later in the paper.
3.4. Electron transfer to diammonium complexes with one or two
crown ether molecules

Fig. 4. ECID mass spectrum of 72+ , collisions with Na.

Charge transfer collisions with Na and Cs were studied for complexes of diaminoalkanes (n = 6, 7, and 12) with one or two CE
molecules. The spectra of single CE complexes are represented by
the Na-ECID spectrum of 7-1CE2+ at m/z 198 (Fig. 5). The spectrum
does not display an intact charge-reduced ion at m/z 396. The most
abundant fragment is at m/z 395 (M+ ) due to loss of a hydrogen
atom. Other fragments appear at m/z 379 (loss of NH3 ), 265 (protonated CE by loss of H and 7). 131 (7+ , A+ ), and 114 (loss of NH3
from A+ ). In addition, the spectrum shows an ion series at m/z 365,
(351 and 350), 337, 323, 309, 294 and 295, 280, etc., that arise by
C C bond dissociations at various positions of the diamine backbone in the complex. Fragments originating from dissociations of
protonated CE (m/z 265) appear at m/z 177, 89, and 45.
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Fig. 7. ECID mass spectrum of 7-2CE2+ , collisions with Na.

higher basicity of the diamine. CE fragments appear at m/z 177, 89,
and 45.
3.5. Relative electron capture and transfer efﬁciencies

Fig. 6. ECID spectra of 12-1CE2+ (a) collisions with Cs and (b) collisions with Na.

An interesting effect was observed for ECID with Cs and Na.
Collisions with Cs resulted in [M − CE]+ /[M]+ ratios which were in
general lower than those obtained for collisions with sodium, indicating less dissociation. For example, with 12-1CE2+ these ratios
were 0.1 and 0.4 for Cs and Na, respectively (Fig. 6), and a qualitatively similar trend was observed for 7-1CE2+ . Since the loss of
the CE ligand from M+ is endothermic (see Table 3 and discussion
below), the ECID data indicate that M+ ions produced by electron
transfer from Cs were less excited than those formed by collisions
with Na. However, removal of an electron from Cs requires 1.25 eV
less energy than from Na, and so resonant electron transfer to the
doubly charged CE complex should be more exothermic for Cs.
In addition, the center of mass (COM) collision energy with Cs is
greater than that for Na, although any effects of the COM on internal
energy deposition in these ECID experiments should be minor. Both
of these factors, however, should result in more energy deposited
into the ECID products with Cs. This effect is discussed later in
conjunction with the dissociation energetics.
Collisional charge transfer from Na and Cs to dication complexes
with two CE molecules was studied for n = 6, 7, and 12, and the
ECID spectra are represented by that of 7-2CE2+ (m/z 330, Fig. 7).
The spectrum shows a very weak peak at m/z 659 due to loss of
an H atom from the charge-reduced ion, and its dissociation products due to fragmentation of the CE (m/z 437, and 408). A major
fragment is found at m/z 395 due to loss of an H atom and one CE
molecule. The spectrum also shows a series of fragments at m/z
379, 365, 351, 337, 323, etc., that arise by C C bond dissociations
in the 7+ chain in a complex with one CE molecule. Protonated CE
at m/z 265 is much weaker than 7+ at m/z 131, consistent with the

As described above, ECD of 12-1CE2+ and 12-2CE2+ ions resulted
in a fragment ion that has lost a hydrogen atom and a single CE ligand. Fragment ions corresponding to the loss of a single hydrogen
atom or the loss of both CE from the doubly adducted species were
not observed (<0.5%) under these conditions. To compare the ECD
efﬁciency of ions with one or two CE adducted, these ions were isolated and ECD spectra simultaneously acquired with both ions in
the cell. ECD efﬁciencies of 6.8 ± 0.2% and 11.0 ± 1.3% were obtained
for the 12-1CE2+ and 12-2CE2+ adducts, respectively, on the 2.7 T
FT/ICR mass spectrometer. Values of 9.7 ± 0.2% and 15.9 ± 1.5% were
obtained for these respective ions on the 9.4 T instrument. Although
the absolute ECD efﬁciencies depend on many experimental parameters and can be varied over a wide range, the relative difference in
ECD efﬁciencies for these two ions was the same over a reasonable
range of experimental conditions. The 1.6-fold greater ECD efﬁciency for the two crown ether adduct versus the one crown ether
adduct measured with two different instruments and two different isolation methods (and different isolation waveforms) indicates
that the difference is intrinsic to the ions rather than an artifact of
ion isolation which might result in differing residual excitation of
these ions. Similar results were obtained for 7-1CE2+ and 7-2CE2+ .
ECID efﬁciencies of 122+ , 12-1CE2+ , and 12-2CE2+ measured
under conditions of constant precursor velocity (1.9 × 105 m/s)
were 20%, 15%, and 9 ± 1%, respectively. In contrast to ECD, the ECID
efﬁciency is lower for the complex with two crown ether ligands
versus the one crown ether adduct. The nature of this difference is
not clear although it does indicate that different factors affect the
cross-sections under the conditions of free electron capture and
femtosecond collisional electron transfer.
3.6. Ion and radical structures and energetics
The doubly charged 1,n-diaminoalkane ions adopt fully
extended all-anticonformations induced by Coulomb repulsion
between the charged groups, as shown for 72+ (Fig. 8). The distance between the N atoms in the fully optimized structures was
6.4, 7.6, 10.2, and 16.6 Å for n = 4, 5, 7, and 12, respectively. Regarding
the complexes, the CE ligand forms three non-equivalent hydrogen
bonds to the internally solvated ammonium group, as shown for
7-1CE2+ (Fig. 8) and likewise for 4-1CE2+ and 5-1CE2+ . The distance
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Fig. 8. B3LYP/6-31+G(d,p) optimized structures of 1,7-diaminoheptane ions and complexes.

between the N atoms in 4-1CE2+ , 5-1CE2+ , and 7-1CE2+ was calculated to be 6.4, 7.6, and 10.2 Å, respectively, which is essentially
the same as in the respective free diaminoalkane ions. The 122+ CE
complex and those with two CE ligands were too large to be treated
adequately by high-level ab initio calculations.
Ion recombination energies (RE) are perhaps the most important parameters characterizing ion-electron recombination and
electron transfer from atomic targets and their values can be accurately measured using ion nanocalorimetry [13,26]. Here, both
adiabatic (REa ) and vertical (REv ) recombination energies were
calculated for several singly and doubly charged ions of interest and are reported as absolute values, |REa | = IEa , where IEa is
the adiabatic ionization energy. Adiabatic recombination energies express the energy difference between the ground electronic
and vibrational state of the charged species and those of its
charge-reduced or neutralized radical counterpart. They involve
the corresponding potential energy minima and include zeropoint vibrational energy corrections for both species. A particular
feature of charge reduction in doubly protonated diaminoalkanes is the removal of coulomb repulsion between the charges
in the product that allows for chain folding to form conformers with intramolecular hydrogen bonds that would be unstable
in doubly charged precursor ions. These changes contribute to
differences between the adiabatic and vertical recombination energies for these ions. Vertical recombination energies are obtained
as the energy upon attachment of an electron to the frozen
optimized geometry of the ion in its ground electronic and vibrational state. The difference between the REa and REv is used
as a measure of vibrational excitation of the charge-reduced
species upon vertical electron transfer [27]. Since the chargereduced species is not in the potential energy minimum, zero-point
corrections are not applicable for REv . Recombination energies
for the formation of the N-th excited electronic state of the
charge-reduced species (REv )N , are obtained from the REv and
the pertinent radical vertical excitation energy from the singly
occupied molecular orbital (SOMO, X) to the N-th state (REv )N =
REv − E(X → N).
The adiabatic and vertical recombination energies depend on
the diaminoalkane chain length that determines the distance
between the charged ammonium groups and thus affects the
Coulomb energy which is released upon electron attachment. The
calculated data for 1,n-diaminoalkane ions and their CE complexes
are summarized in Table 2. Both REv and REa can be least-squares

ﬁtted in Coulomb-like formulas, e.g., for 1,n-diaminoalkane ions
(Eq. (2)),
REv (eV) = 3.83 +

14.4
0.84r

(2)

where r is the distance in Angstroms between the ammonium nitrogen atoms in the dication. The additive constant
(3.83 eV) represents the recombination energy at an inﬁnite
charge distance, such as in a monocation, e.g., REv = 3.79 eV
for 1-ammoniumheptane. The adiabatic recombination energies
determine the energy deposited in the charge-reduced cations
upon electron capture. The REv are important for collisional electron transfer which occurs as a vertical process. Note that the REv
for the short diaminoalkane ions exceed the IE of Na (5.139 eV) and
Cs (3.894 eV) making the electron transfer exothermic. The REv for
122+ is slightly lower than IE (Na). Nevertheless, the ions that are
charge-reduced upon collisions with Na completely dissociate, consistent with the behavior of simple ammonium radicals formed by
endoergic collisional electron transfer [3d–n].
The RE of 4-1CE2+ through 7-1CE2+ are 0.87 and 0.60 eV lower
than those of the respective free diaminoalkane cations (Table 2).
The crown-ether effect on the RE is probably due to the polarization of the crown-ether ligand by hydrogen bonding to the inner

Table 2
Calculated adiabatic and vertical recombination energiesa
REa b , c

Ion
+

CH3 NH3
(1-Heptaneamine + H)+
H2 N(CH2 )7 NH3 +
(18-Crown-6-ether + H)+
(18-Crown-6-ether + CH3 NH3 )+
(18-Crown-6-ether + H3 N(CH2 )7 NH2 )+
(1,4-Butanediamine + 2H)2+
(1,5-Pentanediamine + 2H)2+
(1,7-Heptanediamine + 2H)2+
(1,12-Dodecanediamine + 2H)2+
4-1CE2+
5-1CE2+
7-1CE2+
a
b
c
d

REv b
d

4.31 (4.24)
3.96
3.26
2.19
1.74
1.85
6.67
6.32
5.72
5.22
5.80
5.60
5.12

3.79
3.06
2.05
–
–
6.44
6.11
5.61
5.02
–
–
5.08

Absolute values in units of electron volts.
From combined B3LYP and PMP2/6-311++G(2d,p) single-point calculations.
Including B3LYP/6-31++G(d,p) zero-point energies.
CCSD(T)/aug-cc-pVTZ value from reference [28].
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Fig. 9. Electronic states in 7-1CE• + . Excitation energies in eV are from TD-B3LYP/6-311++G(2d,p) single-point calculations.

ammonium group. This results in delocalization of the positive
ammonium charge onto atoms which are more remote from the
outer (free) ammonium, thus diminishing the Coulomb energy
release upon electron attachment.
CE complexation also has a pronounced effect on the recombination energy of the ammonium group, as shown for complexes
of methylammonium and 7-aminoheptyl-1-ammonium (Table 2).
The CE-complexated ammonium cations show conspicuously
lower recombination energies than the free ammonium cations,
e.g., RE = −2.57 and −1.41 eV for methylammonium and 7aminoheptyl-1-ammonium. The calculations indicate that the
ground electronic state of charge reduced 1,n-diaminoalkane·CE
complexes should retain the inner, CE-coordinated, ammonium
ions while the electron enters the outer free ammonium group
converting it into a hypervalent ammonium radical.

Analysis of electronic states in charge-reduced 4-1CE•+ through
7-1CE•+ , as represented by the latter species in Fig. 9, corroborates this hypothesis. Fig. 9 shows the SOMO (X state) as being an
ammonium 3 s Rydberg [28], which is delocalized over the outer
ammonium group, but has no signiﬁcant odd-electron density in
the CE-complexated ammonium. Accordingly, the latter carries 60%
of the charge in 7-1CE•+ with additional 12% delocalized over the
CE ligand. The outer, reduced, ammonium group carries 91% of
spin density and has a total of −0.22 negative atomic charge. The
electron distribution changes rather dramatically in the low-lying
excited electronic states of 7-1CE•+ (Fig. 9). Of these, the A and B
states can be characterized as 3s-type Rydbergs delocalized about
the alkane chain ␣-CH2 group and the CE ligand, respectively. The
higher C through H states resemble symmetry-adjusted 3p and 3d
Rydberg-like orbitals, which are delocalized primarily about the
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CE (C, D, H) and diaminoalkane (E, F, G) moieties. Noteworthy are
the very low excitation energies that indicate that some of the
low excited states rovibrational envelopes overlap and are populated by electron capture or transfer. Note that only the X state
of REv = 5.08 eV is near resonant with electron transfer from Na,
while the E through G states of REv = 5.08 − 1.15 = 3.93 eV are near
resonant with electron transfer from Cs.
3.7. Discussion of ECD and ECID
The dissociations upon electron capture and transfer share some
common features but also show differences. In discussing these,
one has to realize the different experimental conditions for ECD and
ECID. In ECD, the charge-reduced ion receives the entire recombination energy that, in combination with the ion thermal energy,
drives dissociations that are observed on a millisecond to second
time scale. In ECID, the charge-reduced ion receives internal energy
which is due to a difference between the recombination energy
to the electronic state of the incipient radical and the ionization
energy of the alkali metal atom. In addition, a fraction of the nonconserved COM collision energy, TCM = 3–15 keV, can be transferred
to the charge-reduced ion to drive high-energy dissociations. The
ECID dissociations occur on the experimental time scale of 3–9 s.
ECID of free diaminoalkane ions results primarily in loss of
an H atom and minor elimination of ammonia. This behavior
is consistent with the dissociation thermochemistry and kinetics of other alkane ammonium hypervalent radicals [3f–n]. For
example, loss of H from 7•+ is 69 kJ mol−1 exothermic and
requires an energy barrier of 23 kJ mol−1 in the X electronic state
(Table 3). The low barrier allows for an extremely fast dissociation, considering the excitation (Eexc ) due to electron transfer,
e.g., Eexc = RE(72+ ) − IE(Na) = 56 kJ mol−1 . Because of the absence
of Coulomb repulsion, the charge-reduced ion 7•+ can competitively fold to conformer 7a•+ (Hrxn,0 (7•+ → 7a•+ ) = −47 kJ mol−1 )

Table 3
Dissociation energies
Reaction

7-1CE+ → 7+ + CE
7-1CE+ → 7a-1CE+
7-1CE2+ → 72+ + CE
7-1CE2+ → 7+ + (CE + H)+
7-1CE• + → 7• + + CE
(CE + H)• → CE + H•
CH3 NH3 + ·CE → CH3 NH3 + + CE
[CH3 NH3 ·CE]• → CH3 NH3 • + CE
4-1CE• + → 4-1CE+ + H•
5-1CE• + → 5-1CE+ + H•
7-1CE• + → 7-1CE+ + H•
7• + → TS(N H)diss
7• + → 7+ + H•
7• + → 7a• +
7• + → TS(C C)rot
12• + → 12+ + H•
12• + → 12a+ + H•
12a• + → 12a+ + H•
a

Energya
B3LYP 6-31+(+)G
(d,p)b

B3-PMP2 6-311++G
(2d,p)

174
35
270
13
176
−135
263
11
−6
−10
−11
49
−18
−21
13
2
−5
2

189
24
287
25
220
−156
273
35
−28
−25
−37
23
−69
−47
13
−17
−67
−17

In units of kJ mol−1 . Including zero-point vibrational energies and referring to

0 K.
b
Calculations with the 6-31+G(d,p) and 6-31++G(d,p) basis sets for cations and
radicals, respectively.

through a sequence of low-energy transition states (Scheme 2) and
eliminate an ammonium hydrogen atom from 7a•+ or one of the
intermediates. Complete dissociation also occurs with 12•+ where
the loss of H is exothermic by Hrxn,0 = −17 kJ mol−1 and can be
driven by the rovibrational thermal energy of the precursor ion,
e.g., Hrovib (122+ ) = 48 kJ mol−1 at 298 K. Loss of ammonia, albeit also
highly exothermic [3m], is known to have higher energy barriers
than loss of H and is kinetically disfavored in the X states of ammo-

Scheme 2.
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nium radicals. The presence of the chain fragments is remarkable,
because they must be formed by highly endothermic C C bond dissociations. These minor dissociations probably occur from excited
electronic states of charge reduced 7•+ and 12•+ that are accessed
upon keV collisions with both Na and Cs, by analogy with dissociations of 1,n-diaminoalkane radicals reported previously [3l].
Both ECD and ECID of the diaminoalkane·CE complexes result in
the loss of an H atom (M+ ions) combined with the loss of the crown
ether ligand (A+ ions). However, there are major differences in the
relative intensities of these fragments. In ECID, a major fraction of
M+ survive to be detected and, in fact, represent the most abundant charge-reduced species. In ECD, the majority of M+ dissociate
to form A+ . A loss of an ammonium H atom resulting from electron capture by the outer ammonium group can proceed from the
ground electronic state of the charge-reduced complex. The dissociation by H atom loss is exothermic, e.g., (Hrxn,0 = −37 kJ mol−1 )
for the charge-reduced intermediate 7-1CE•+ . In contrast, loss of
CE from 7-1CE•+ is calculated to be >200 kJ mol−1 endothermic,
indicating strong H-bonding between the CE and the coordinated
ammonium group.
Dissociation of M+ by loss of a neutral CE molecule is
also endothermic, e.g., Hrxn,0 = 189 kJ mol−1 for 7-1CE+ . This
energy can be readily supplied by electron-ion recombination
(RE(7-1CE2+ ) = 5.12 eV = 494 kJ mol−1 ), but not by resonant electron transfer from Na or Cs alone where the ion excitation is
<114 kJ mol−1 if formed in the ground electronic state. This indicates that the dissociating fraction of M+ must have been formed
from an excited electronic state of charge-reduced 7-1CE•+ that was
accessed by the keV collision. Formation of excited electronic states
would also account for the different extent of M+ dissociation following electron transfer from Na and Cs. Nevertheless, the fact that
the nominally more exothermic electron transfer from Cs results
in less extensive dissociation is puzzling. One possible explanation is that the hydrogen atom eliminated from the E through G
states of 7-1CE•+ , which are near resonant with electron transfer
from Cs, departs with substantial kinetic energy leaving the M+ ion
with less internal energy. There are no calculated electronic excited
states that are near resonant for Na. Similarly, ejection of a kinetically excited H atom upon electron capture by small clusters of
[Mg(H2 O)n ]2+ has been recently observed [13].
Finally, it should be noted that cross-sections for femtosecond
electron transfer depend on the Franck–Condon factors for the particular electronic state of the incipient charge-reduced species and
thus the population of electronic states may be different for different electron donors and also different from that accessed by
capture of a low-energy free electron. This and the very different
time scales for dissociation explain the principal differences in the
relative intensities of the primary (M+ ) and secondary (A+ ) product
ions in ECD and ECID.
The ECD and ECID spectra of diaminoalkane ion complexes with
two CE ligands also show similarities and differences. The main
fragments in both kinds of spectra are due to loss of H and one
CE molecule to form stable M+ . While facile loss of H is intrinsic
to the reduced ammonium group [3f–n], the loss of the CE ligand is presumably due to its weakened bonding to the neutral
NH3 and/or NH2 groups. Further dissociation proceeds by loss of
the remaining stronger bound CE molecule to yield A+ ions. The
differences in CE binding to ammonium cations and radicals are
documented by the substantially different dissociation energies
for the [CH3 NH3 + ·CE] ion and [CH3 NH3 ·CE]• neutral complexes,
Hrxn = 273 and 35 kJ mol−1 , respectively (Table 3). The main difference between the ECD and ECID spectra is the presence in the latter
of the ion series due to C C bond cleavages in the diaminoalkane
chain. These dissociations correspond to high-energy processes
that likely originate from excited electronic states accessed by
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collisional electron transfer, but not upon capture of a free
electron.
4. Conclusions
This comparative study of ECD and ECID of model ammonium
dications points to different energies and time scales in dissociations triggered by electron capture and fast collisional electron
transfer. The main dissociation due to loss of an ammonium hydrogen atom occurs in both ECD and ECID. However, the spectra
substantially differ in the consecutive dissociations by loss of the
CE ligand. In addition, the ECID spectra show unique minor dissociations that can be assigned to the formation of different electronic
states upon charge reduction. The CE ligand is found to have a
substantial effect on the recombination energy of the ammonium
cation and also affects the electronic properties of the chargereduced cation-radical species.
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(l) S.A. Shaffer, F. Tureček, J. Am. Soc. Mass Spectrom. 6 (1995) 1004;
(m) M. Sadilek, F. Turecek, Chem. Phys. Lett. 263 (1996) 203;
(n) C. Yao, F. Turecek, F. Phys. Chem. Chem. Phys. 7 (2005) 912.
[4] (a) S. Raynor, D.R. Hershbach, J. Phys. Chem. 86 (1982) 3592;
(b) S. Havriliak, H.F. King, J. Am. Chem. Soc. 105 (1983) 4;
(c) H. Cardy, D. Kiotard, A. Dargelos, E. Poquet, Chem. Phys. 77 (1983)
287;
(d) E. Kassab, E. Evleth, J. Am. Chem. Soc. 109 (1987) 1653;
(e) I. Martin, A.C. Lavin, M. Velasco, M.O. Martin, J. Karwowski, G.H.F. Diercksen,
Chem. Phys. 202 (1996) 307;
(f) A.I. Boldyrev, J. Simons, J. Chem. Phys. 97 (1992) 6621.
[5] (a) R.A. Zubarev, N.L. Kelleher, F.W. McLafferty, J. Am. Chem. Soc. 120 (1998)
3265;
(b) K. Breuker, H.B. Oh, D.M. Horn, B.A. Cerda, F.W. McLafferty, J. Am. Chem. Soc.
124 (2002) 6407;

126

[6]

[7]

[8]

[9]
[10]
[11]
[12]
[13]
[14]

A.I.S. Holm et al. / International Journal of Mass Spectrometry 276 (2008) 116–126
(c) K. Breuker, H.B. Oh, C. Lin, B.K. Carpenter, F.W. McLafferty, Proc. Natl. Acad.
Sci. U.S.A. 101 (2004) 14011;
(d) E.W. Robinson, R.D. Leib, E.R. Williams, J. Am. Soc. Mass Spectrom. 17 (2006)
1469;
(e) A. Stensballe, O.N. Jensen, J.V. Olsen, K.F. Hasselmann, R.A. Zubarev, Rapid
Commun. Mass Spectrom. 14 (2000) 1793;
(f) E. Mirgorodskaya, P. Roepstorff, R.A. Zubarev, Anal. Chem. 71 (1999) 4431;
(g) S.K. Sze, Y. Ge, H.B. Oh, F.W. McLafferty, Proc. Natl. Acad. Sci. U.S.A. 99 (2002)
1774;
(h) N.L. Kelleher, R.A. Zubarev, K. Bush, B. Furie, B.C. Furie, F.W. McLafferty, C.T.
Walsh, Anal. Chem. 71 (1999) 4250;
(i) Y. Ge, B.G. Lawhorn, M. ElNaggar, E. Strauss, J.H. Park, T.P. Begley, F.W. McLafferty, J. Am. Chem. Soc. 124 (2002) 672;
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Ion nanocalorimetry is used to investigate the internal energy deposited into M2+(H2O)n, M ) Mg (n )
3-11) and Ca (n ) 3-33), upon 100 keV collisions with a Cs or Ne atom target gas. Dissociation occurs by
loss of water molecules from the precursor (charge retention) or by capture of an electron to form a reduced
precursor (charge reduction) that can dissociate either by loss of a H atom accompanied by water molecule
loss or by exclusively loss of water molecules. Formation of bare CaOH+ and Ca+ by these two respective
dissociation pathways occurs for clusters with n up to 33 and 17, respectively. From the threshold dissociation
energies for the loss of water molecules from the reduced clusters, obtained from binding energies calculated
using a discrete implementation of the Thomson liquid drop model and from quantum chemistry, estimates
of the internal energy deposition can be obtained. These values can be used to establish a lower limit to the
maximum and average energy deposition. Not taking into account effects of a kinetic shift, over 16 eV can
be deposited into Ca2+(H2O)33, the minimum energy necessary to form bare CaOH+ from the reduced precursor.
The electron capture efficiency is at least a factor of 40 greater for collisions of Ca2+(H2O)9 with Cs than
with Ne, reflecting the lower ionization energy of Cs (3.9 eV) compared to Ne (21.6 eV). The branching ratio
of the two electron capture dissociation pathways differs significantly for these two target gases, but the
distributions of water molecules lost from the reduced precursors are similar. These results suggest that the
ionization energy of the target gas has a large effect on the electron capture efficiency, but relatively little
effect on the internal energy deposited into the ion. However, the different branching ratios suggest that
different electronic excited states may be accessed in the reduced precursor upon collisions with these two
different target gases.
Introduction
Fast (multi-kiloelectronvolt) ion-atom collisions are used in
tandem mass spectrometry for characterizing ionic structures,1,2
studying the structures and stabilities of unusual neutral
species,1-14 and, more recently, investigating structures of
multiply charged peptides and proteins.15-18 Collisions between
ions and atoms can result in ion activation and also electron
transfer. The latter process has been extensively used in
neutralization reionization mass spectrometry experiments to
prepare unusual neutral species from corresponding ions, with
subsequent ionization of the neutral species accomplished by a
second collision.2-8 The second collision can produce either
positive or negative ions, making it possible to perform charge
reversal experiments.9,10,19 The latter experiments have been
recently used to investigate the stabilities of neutral radicals
formed by collisional electron capture of singly charged peptide
ions with Cs.19 In these experiments, anions formed from neutral
z fragments were observed, whereas the c anions were not
formed. This result was attributed to a carbanion formation of
a stable z anion vs a reactive radical for the c ion that has a
lifetime of less than a few microseconds.
* To whom correspondence should be addressed. E-mail: Hvelplun@
phys.au.dk (P.H.); sbn@phys.au.dk (S.B.N.); Williams@cchem.berkeley.
edu (E.R.W.).
† University of Aarhus.
‡ University of California.

An advantage of electron capture induced dissociation (ECID)
from an atomic or molecular target for ions with two or more
charges is that the product ions formed by capture of a single
electron can be detected directly.15-18,20 ECID experiments have
been used to investigate the structures of peptides and
proteins,15-18 and fragmentation similar to electron capture
dissociation (ECD) experiments,21-29 in which multiply charged
ions capture a free electron, is observed. The ECID experiments
have the advantage that reactions that occur on a short time
scale (a few microseconds) can be investigated. This method
was used to study the H atom loss from multiply charged peptide
ions and the role of hydrogen bonding and microsolvation on
the reduced precursor stability and fragmentation pathways.18
For example, the ratio of (M + H)+ to (M + 2H)•+ was found
to decrease when doubly protonated di- and tripeptides were
solvated with one or more methanol molecules upon electron
transfer from Na.18 The increased abundance of the latter ion
was attributed to a solvent “caging” effect. Recent experiments
with 15N-labeled peptides demonstrate that ammonia loss occurs
from the N-terminus,15 consistent with predictions from theory.30
Experimental results from high-energy (10 keV) collisions
between Cu2+(H2O)n and Xe gas were recently reported by Stace
and co-workers.31 The major fragmentation pathway is loss of
water molecules from the mass-selected precursor, but fragment
ions formed by ECID were also observed. In this latter process,
two fragmentation processes occur in which the reduced
precursor either lost exclusively water molecules or lost a H
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atom and water molecules. Similar dissociation pathways have
been reported in ECD spectra of M2+(H2O)n, M ) Mg and Ca.32
An important parameter for characterizing any fragmentation
method is the internal energy that is deposited into an ion upon
activation. In ECID experiments, electron transfer from the target
gas to the ion can be endothermic or exothermic depending on
the relative ionization energies of the reduced ion and target
gas. In addition, a significant amount of energy can be
transferred in the collision process itself. For example, the
center-of-mass collision energy between a doubly charged cation
of mass 200 Da with 100 keV of kinetic energy and a Cs atom
is 39.9 keV. A measure of the internal energy deposition into
an ion can be obtained using “chemical thermometers”, which
are ions that have known dissociation energies and entropies.33-43
Metal carbonyl complexes that have known fragment appearance
energies have been used to investigate the internal energy
deposition from a variety of activation methods.33-36 For
example, Cooks and co-workers first characterized the energy
deposited into W(CO)62+ upon charge exchange with a series
of atomic and molecular targets (from toluene, IE ) 8.8 eV, to
He, IE ) 24.6 eV) at both high (15.6 keV33 and 7 keV34) and
low (0-50 eV35) collision energies. Charge exchange at high
collision energies resulted in broad energy distributions, the
average of which were weakly correlated with the ionization
energy of the target. W2+ was observed, indicating that up to
15 eV was deposited. These observations support a close
approach mechanism for high-energy charge exchange in which
significant collisional energy is deposited into the ion. A measure
of the energy deposited into W(CO)62+ upon electron transfer
in 10 keV collisions with Ar, K, and Cs has been recently
reported.37,38
An alternative approach to measure internal energy deposited
by electron capture, or any other activation method, uses
solvated ions as nanocalorimeters.32,44-48 This method has been
demonstrated with hydrated di- and trivalent ions and has been
used to measure the internal energy deposition in ECD experiments as a function of the cluster size and metal ion identity.
In brief, activation of a hydrated ion results in evaporation of
water molecules from the cluster. The extent of activation can
be estimated from the sum of the threshold dissociation energies
for the maximum number of water molecules lost. This method
has the advantages that the binding energies of water molecules
to a highly hydrated ion are significantly less than the binding
energies of CO molecules to metal ions, and potentially many
water molecules can be lost from large clusters. Thus, hydrated
metal ions can provide significantly improved resolution,
accuracy, and range in determining the internal energy distributions. Threshold dissociation energies for the loss of water
molecules from large clusters can be obtained from calculations
of binding energies derived from the Thomson liquid drop model
(TLDM).49,50 For smaller clusters, dissociation energies from
experimental measurements or quantum chemical calculations
can be used.32 A more accurate method to obtain information
about energy deposition in nanocalorimetry can be obtained from
the average number of water molecules lost and estimates of
energy lost to the products in the form of translational,
vibrational, and rotational energy.44 This method has been used
to accurately measure recombination energies upon electron
capture by hydrated ions.44 Recombination energies of large
clusters can be related to relative reduction enthalpies measured
in aqueous solution.44,46 Measurements of a variety of redoxactive species in nanodrops have recently been used to obtain
a measure of the absolute potential of the standard hydrogen
electrode.44
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Figure 1. Sector mass spectrometer at Aarhus used for electron capture
induced dissociation experiments. See the text for details.

Here, data from ECID experiments done with 100 keV
collisions between M2+(H2O)n, M ) Mg (for n ) 3-11) and
Ca (for n between 3 and 33), and Cs are used to obtain a measure
of the internal energy deposited upon collisional energy transfer.
The effects of ion size on energy deposition over a range of
masses relevant to previously investigated peptides are investigated. The results presented here demonstrate that the energy
deposition in ECID can be significantly broader and much higher
than that obtained by ECD, indicating that both the collision
process and the different time frames of these two experiments
result in significant differences in the observed fragmentation.
Experimental Section
The experimental apparatus at Aarhus is described in detail
elsewhere.51,52 Hydrated divalent metal ions were generated by
electrospray from aqueous solutions containing dissolved MCl2,
where M corresponds to Mg or Ca, using a syringe-pump system
to regulate solution flow to a rate of 1-2 µL/min. The resulting
ions are introduced into a sector mass spectrometer through an
electrospray interface, accelerated by a 50 kV potential (corresponding to 100 keV ion kinetic energies), m/z selected by a
magnet (∼1000 resolution), and passed through a heated cesium
vapor cell (Figure 1). The interaction between a reacting cluster
and the cesium or neon atoms occurs within a few femtoseconds,
during which time an electron from the 6s orbital of a cesium
atom can be transferred to the doubly charged cluster ion.
Because of the short interaction time, the transition should be
a vertical or nearly vertical process, but energy redistribution
and fragmentation can occur during the flight time prior to mass
analysis. Positive fragment ions resulting from these collisions
are analyzed using a hemispherical electrostatic analyzer (ESA).
The dissociation time scale corresponds to the ion flight time
from the collision cell to the ESA, which for clusters ranging
from 3 to 33 water molecules, is in the range of 3-6 µs. A
two-point linear calibration between analyzer voltage and ion
mass was performed by setting zero voltage to zero m/z and
setting the voltage difference between the two analyzer plates
(2 × 5.17 kV) to the m/z of the precursor ion. Peak areas were
divided by ion masses to correct for the spectrometer efficiency.53 Corrections for a mass-dependent detector efficiency
were not done, but they are believed to be small.
The uncertainty in the average number of water molecules
lost and the branching ratio is ∼1% for the smaller clusters (n
e 15) and ∼5% for the larger ones. The criteria for establishing
a detection limit were that there must be a signal in at least two
adjacent detection channels and the maximum signal must be 2
times greater than the average noise level determined over a
neighboring 10 Da range. The detection channel widths are
1024/(2 × precursor m/z), 2048/(2 × precursor m/z), and 4096/
(2 × precursor m/z) for n ) 3-13, n ) 15-19, and n ) 21-33,
respectively. Efficiencies for various dissociation processes were
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Figure 2. Mass spectra obtained upon collision between Ca2+(H2O)9 and Ne (top) or Cs (bottom), where k, x, and y correspond to the number of
water molecules lost by charge retention and charge reduction via pathways I and II, respectively.

calculated from the sum of ion intensities for that process
divided by the overall ion signal.
Results and Discussion
Fragmentation Pathways. Collisions (100 keV) of
Ca2+(H2O)n with either Ne or Cs as a target gas result in
dissociation by three different pathways:

charge retention
Ca (H2O)n + Cs f Ca2+(H2O)n-k + kH2O + Cs
2+

charge reduction
Ca (H2O)n + Cs f Ca+(H2O)n-x + xH2O + Cs+
2+

(pathway I)

Figure 3. Charge retention (open squares) and charge reduction (solid
squares) efficiencies upon collision between Ca2+(H2O)n and Cs.

Ca2+(H2O)n + Cs f CaOH+(H2O)n-y-1 + yH2O + H + Cs+
(pathway II)
The precursor can be activated by the collision, resulting in the
loss of one or more water molecules and remain doubly charged
(charge retention), or the precursor can be reduced by transfer
of an electron from the target gas. The latter ECID process can
result in either loss of water molecules exclusively (pathway I)
or ejection of a H atom and loss of water molecules, resulting
in formation of a hydrated metal hydroxide (pathway II). These
ECID pathways are the same as those previously observed in
ECID of Cu2+(H2O)n, n ) 4-16,31 and those observed by ECD
of Ca2+(H2O)n, n ) 4-47.32 Neither protonated water nor
protonated water clusters are observed. Thus, the charge
separation reaction, Ca2+(H2O)n f CaOH+(H2O)n-j-1 +
H+(H2O)j, that is observed for some hydrated divalent metal
ions upon activation does not occur under these conditions.54,55
This is consistent with the loss of neutral water molecules being
entropically favored over the charge separation reaction as is
the case for SO42-(H2O)n.56
Product ions formed by the three possible dissociation
pathways are shown in the ECID spectra of Ca2+(H2O)9 with
either Ne or Cs in Figure 2 (top and bottom, respectively).
Fragment ions originating from charge retention and charge
reduction via pathways I and II are denoted by k, x, and y,
respectively. For the charge retention pathway, the distribution
and intensities of the fragment ions for both target gases are
very similar. However, the charge reduction channel is 40 times
greater for Cs than for Ne, reflecting the lower ionization energy
of Cs (3.9 eV) vs Ne (21.6 eV). Collision with residual O2 gas
(IEO2 ) 13.6 eV) in the beam path can also result in electron

transfer, so the 40-fold greater electron transfer with Cs
compared to Ne is a lower limit. The distributions of product
ions formed upon collision with both target gases are similar
with respect to water loss, but differ significantly in the
branching ratio of the two charge reduction pathways. The ratio
of pathway I to pathway II is 1:9 with neon, whereas this ratio
for Cs is 1:3. The different branching ratios for pathways I and
II could be due to a different population of electronic excited
states that are accessed for each of the two target gases. These
results indicate that the ionization energy of the target gas plays
a major role in the electron capture dissociation efficiency, but
a relatively minor role in the average distribution of internal
energy deposition. Additional nanocalorimetry experiments with
different target gases should provide useful information about
the role of excited-state chemistry on these and other ECID
pathways.
Fragmentation Efficiency. The extent of fragmentation
resulting from these 100 keV collisions depends on a number
of experimental parameters, including the target gas identity
and pressure, ion kinetic energy, and cluster size. To investigate
the effects of the cluster size on the fragmentation efficiency,
experiments in which all other parameters remain constant were
performed. For the combined ECID pathways, the efficiency
of fragmentation is highest for the smaller clusters (>70%) and
decreases significantly with increasing cluster size to a value
of ∼13% for Ca2+(H2O)33 (Figure 3, solid squares). In contrast,
the efficiency for producing fragment ions by the charge
retention pathway is ∼4% at the smallest cluster size, increases
to ∼35% at n ) 21, and decreases with increasing cluster size
(Figure 3, open squares).
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Figure 4. Mass spectra obtained upon collision between Ca2+(H2O)n, n ) 5 (top), n ) 15 (middle), or n ) 25 (bottom), and Cs. The chargereduced ions Ca+(H2O)5 (m/z 130) and Ca+(H2O)15 (m/z 310) as well as those that have lost a H atom (m/z 129 and 309) are clearly detected (cf.
the insets), whereas Ca+(H2O)25 (m/z 490) and the corresponding H-loss ion (m/z 489) are at the limit of detection. A 30-fold expansion of the lower
mass region of the top spectrum shows that Ca+ (m/z 40) and Ca+(OH) (m/z 58) are formed.

The increasing charge retention efficiency with increasing
cluster size for n e 21 is indicative of an increasing geometrical
cross section (the larger the cluster, the bigger the impact
parameter). However, the number of degrees of freedom (DOF)
increases with increasing cluster size as well. For a given internal
energy deposition, the observed fragmentation will decrease with
increasing cluster size because this energy is distributed over
more internal modes so that less fragmentation will occur in
the limited time frame of these experiments.57 This DOF effect
is dominant for the larger clusters. For ECID, the monotonic
decrease in efficiency with increasing cluster size likely reflects
increased shielding or delocalization of the charge by the
additional water molecules. Increased shielding or delocalization
should decrease the Coulomb attraction with increasing cluster
size. The propensity for electron transfer to larger hydrated
anionic nucleotide clusters increases with increasing size (up
to n ) 16), and this phenomenon is likely due to charge
shielding and delocalization as well.58 In this case, the Coulomb
repulsion should decrease with size.
Reactivity as a Function of the Cluster Size. In addition to
the strong dependence of the ECID efficiency on cluster size,
there is also a strong dependence of the branching ratio for
pathways I and II on the cluster size. This effect is illustrated
in Figure 4, which shows the ECID spectra for Ca2+(H2O)n, n
) 5, 15, and 25, with the product ions formed by pathways I
and II indicated by x and y, respectively, in these spectra. The
distributions of product ions formed by both pathways are very
broad and result in cluster ions that range from the chargereduced precursor all the way down to bare CaOH+ and, for n
e 17, the completely desolvated Ca+. The breadth of the
distribution reflects the broad range of internal energies that
can be deposited in the collision process, and the formation of
bare Ca+ and CaOH+ indicates that the maximum energy
deposition is quite high.
The formation of Ca+ from the larger reduced clusters is
surprising because of the large internal energy deposition
necessary to evaporate all the water molecules from the cluster
and because the competitive formation of CaOH+ is energetically favored at small cluster sizes.32 The appearance of Ca+ in
these experiments indicates that loss of water molecules is
kinetically favored over loss of a H atom at the smaller cluster
sizes.
A rough estimate of the minimum energy necessary to form
the bare ions from the reduced precursor can be obtained
from the sum of threshold dissociation energies for all the

water molecules that evaporate from the reduced cluster.
Because threshold dissociation energies have not been
measured for the larger clusters investigated in this study,
binding energies calculated using a discrete TLDM were
used.49 It has recently been demonstrated that a discrete
implementation of this model can accurately reproduce both
experimental and quantum chemical values for smaller monoand divalent hydrated ions.49 Values obtained from quantum
chemical calculations were used for the smaller clusters (n
e 6).32
Formation of the bare calcium ion via pathway I is observed
from reduced precursors with up to 17 water molecules. The
sum of the threshold dissociation energies for loss of 17 water
molecules from Ca(H2O)17+ is ∼9.6 eV (221 kcal/mol). Formation of CaOH+ from pathway II is observed for clusters with
up to 33 water molecules. Evaporation of water from
Ca(H2O)33+ requires a minimum of 15.6 eV (360 kcal/mol),
not including any energy required to eject a H atom from the
reduced cluster. These internal energy deposition values are the
minimum necessary to form the smallest ions via these two
pathways. These values do not include effects of a kinetic shift
in which much more internal energy must be deposited to
produce this extent of fragmentation over the limited time scale
(3 - 6 µs) available for dissociation prior to fragment mass
analysis by the ESA.
For ECID of Cu2+(H2O)n, n ) 4-16, the distribution of
product ions is narrower with only four to five fragment ions
formed from the reduced precursor.31 In addition, the intact
charge-reduced precursor is rarely observed, and there is no
evidence of bare Cu+.31 The broader distribution observed here
may be due to the higher signal-to-noise ratio in our experiments,
which enables detection of much lower abundance ions and also
the higher collision energy (100 keV vs 10 keV), although
different target gases may also play a role.
The ECID results are in sharp contrast to those obtained by
ECD of Ca2+(H2O)n, where only a few product ions formed by
each dissociation pathway are observed, indicating that a very
narrow range of internal energy is deposited into the precursor
upon capture of a free electron.32,45 For example, capture of a
free electron by Ca2+(H2O)24 results in just one fragment ion
by pathway I (Ca+(H2O)14) and three product ions by pathway
II (CaOH+(H2O)n, n ) 12-14), although the lower signal-tonoise ratio in the ECD experiments has a minor effect on this
comparison.32 In ECD, the time scale for dissociation is tens to
hundreds of milliseconds and can be readily extended to several
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Figure 5. Minimum number of water molecules lost from pathway
II, y, upon ECID of Ca2+(H2O)n with a Cs target as a function of the
cluster size.

seconds so that kinetic shift effects are negligible. In addition,
capture of an electron is most efficient when the relative energy
between the ion and electron approaches zero so that the internal
energy deposition depends only on the recombination energy
(or adiabatic ionization energy of the reduced precursor) and
not on the electron kinetic energy under typical experimental
conditions where low-energy electrons are used.48
In ECID, transfer of the electron from the target requires an
energy corresponding to the ionization energy of the target gas
(IECs ) 3.9 eV, IEXe ) 12.0 eV, IENe ) 21.6 eV), making the
process less exothermic than capture of a free electron by this
corresponding value. However, energy from the collision itself
can be transferred into the ion. The comparison of results from
ECID and ECD for Ca2+(H2O)n indicates that this collisional
energy transfer is substantial and accounts for the much broader
distribution of product ions observed using ECID.
For clusters with up to 19 water molecules, all possible
fragments originating from pathway II are observed (y ) 0 to
n - 1). Surprisingly, the larger fragment ions corresponding to
loss of zero to five or six water molecules (y ) 0 to 4 or 5)
formed by pathway II are missing for clusters with 20 or more
water molecules. Data for the minimum number of water
molecules lost by pathway II are summarized as a function of
the cluster size in Figure 5. The absence of the largest of the
possible fragment ions for the larger clusters cannot be attributed
to fragment ion stability because these same ions are observed
for n e 19! The origin of this phenomenon is unclear, but it
may be due to effects of forming a third solvation shell.
Transition from pathway II to pathway I in the ECD data starts
at clusters with 21 water molecules, suggesting that both effects
may be related to the structure of the hydrated cluster.32
Interestingly, results for reduced Cu2+(H2O)n by Stace and
co-workers31 show an even progression in the minimum number
of water molecules lost by pathway II with increasing cluster
size, although this comparison is obfuscated by the difficulty
in clearly distinguishing these two pathways due to limited
product ion resolution. In contrast, fragment ions formed by
these two pathways are nearly baseline resolved, even for lowabundance ions in our experiments (Figures 2 and 4).
The ratio between fragmentation by pathway I and that by
pathway II obtained from the sum of ion intensities for the
product ions formed by these two respective pathways is shown
in Figure 6 (solid triangles, pathway I; open triangles, pathway
II). Both pathways are observed for all cluster sizes, but pathway
II is dominant for smaller clusters (n < 15) where ∼90% of
the ECID fragments are from pathway II for reduced
Ca2+(H2O)5. For larger clusters (n g 15), the extents of
dissociation by the two pathways are comparable.
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Figure 6. Normalized product ion intensities for dissociation by
pathways I (solid triangles) and II (open triangles) resulting from ECID
with a Cs target and pathways I (---) and II ( · · · ) resulting from ECD
by Ca2+(H2O)n, n ) 5-33,32 as a function of the precursor cluster size.

Figure 7. Average number of lost water molecules upon ECID of
Ca2+(H2O)n by pathways I (solid triangles) and II (open triangles) with
a Cs target as a function of the cluster size.

ECID data obtained for Cu2+(H2O)n show that both pathways
occur for n < 13 whereas only fragments formed by pathway
II are observed for n up to 16.31 This difference in reactivity
could be due to the different properties of the metal ions or
differences in the structures of the clusters. It may also be a
consequence of solvent-separated ion-electron pair formation
in large reduced clusters of Ca2+(H2O)n32 vs direct metal ion
reduction in large clusters of Cu2+(H2O)n.44,47
In contrast, the ECD results show that pathway II occurs
exclusively for n e 22 and pathway I occurs exclusively for n
g 30. For 22 < n < 30, a sharp transition between these two
pathways occurs (Figure 6). Although the general trends in
ECID and ECD are similar, the much sharper transition between
the two reaction pathways observed for ECD can likely be
attributed to the much narrower internal energy deposited upon
capture of a free electron.
Average Number of Water Molecules Lost. One way to
characterize the extent of dissociation as a function of the cluster
size is by calculating the average number of water molecules
lost via both pathways for each cluster; these data are summarized in Figure 7. The average number of water molecules
lost by both pathways is nearly constant for n e 9 but smoothly
increases with larger cluster sizes. By comparison, ECD data
show a nearly linear increase in the average number of water
molecules lost with increasing cluster size up to n ≈ 25, after
which these data plateau and subsequently decrease for even
larger cluster sizes.32 At small sizes, the binding energy of water
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increases with decreasing cluster size so that, for a given internal
energy deposition, fewer water molecules are lost. This effect
dominates over any increase in RE expected for smaller clusters.
The plateau in the ECD data and subsequent decrease in the
average number of water molecules lost with increasing cluster
size can be explained predominantly by increased ion solvation
resulting in a lower recombination energy, although other effects
may play a role as well.32
The trend in the beginning of the ECID data (Figure 7) can
be explained by the large amount of energy that is deposited
into these small clusters. Fragments corresponding to evaporation of all water molecules (forming Ca+ and CaOH+ by
pathways I and II, respectively) are observed for these smaller
clusters. Energy in excess of that required to form the bare ions
can appear as translational, rotational, and vibrational excitation
of the products; e.g., CaOH+ can be highly excited.
The absence of a maximum in the ECID data over this range
in cluster size is interesting given that there is a plateau in the
ECD data for n ) 25-32 and a decrease for even larger
clusters.32 This phenomenon cannot be ascribed to a DOF effect
because longer dissociation time scales would result in an even
higher average water molecule loss. Both the center-of-mass
collision energy and the velocity of the ions decreases with
increasing cluster ion size, and both may have an effect on the
internal energy deposited by electron transfer. However, the
effect of the water binding energy as a function of the cluster
size has a greater effect on the ECID data because of the very
broad distribution of product ions formed.
Average Internal Energy Deposition. From the average
number of water molecules lost from the reduced precursor ions,
it is possible to obtain a rough estimate of how the average
internal energy deposition changes as a function of the cluster
size. The average number of water molecules lost is only a rough
measure of energy deposition due to the broad distribution of
product ions observed. Moreover, the appearance of product
ions depends both on the threshold energy necessary for ion
formation and on the excess energy above this value necessary
to observe dissociation on the time scale of these experiments.
This latter effect, i.e., a kinetic shift, becomes increasingly
important with increasing cluster size because of the DOF effect.
Using the sequential water binding energies for Ca+(H2O)n
calculated using a discrete implementation of the TLDM49 and
quantum chemical values for the smaller clusters (n e 6),32 and
a weighted average number of water molecules lost by combined
pathways I and II, information about the average energy
deposition as a function of the cluster size can be obtained. This
analysis does not include the effects of a kinetic shift, it does
not account for any endothermicity associated with formation
of a hydrogen atom by pathway II, and it does not include the
effects of the distribution width. A comparison of results from
these ECID experiments with those from previously reported
ECD experiments32 is shown in Figure 8, in which differences
between the apparent internal energy deposited by ECID and
the average energy deposited by ECD as a function of the cluster
ion size are compared.
For small clusters (n e 21), the apparent internal energy
deposition in ECID is lower than the average energy deposited
in ECD by up to 1.9 eV. The observed relative internal energy
depositions are comparable for cluster sizes between n ) 21
and n ) 25, but higher internal energy deposition occurs for
ECID at larger cluster sizes. This trend in relative energy
deposition is opposite that expected from a kinetic shift effect
and indicates that more internal energy is deposited for larger
clusters in ECID. This effect is directly attributable to collisional
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Figure 8. Energy difference, EECD - EECID, between the average
numbers of water molecules lost from both pathways I and II combined
in ECD32 vs ECID of Ca2+(H2O)n with a Cs target using water binding
energies calculated from a discrete implementation of the Thomson
liquid drop model and quantum chemical values (see the text). The
dashed line is the first ionization energy of cesium.

energy transfer, which does not occur for ECD in which a free
electron is captured.
Effects of Ion Identity. To determine the effect of the metal
ion identity upon energy transfer in ECID, analogous experiments were performed using hydrated divalent magnesium
clusters for n ) 3-11. For clusters in this size range, the
maximum water loss, the minimum water loss, the average
number of water molecules lost, and the branching ratio between
the two pathways are essentially the same as those for Ca. ECD
spectra for clusters containing either of these two alkaline-earthmetal dications are also very similar. These data suggest that
an ion-electron pair is formed in the reduced clusters that do
not lose a hydrogen atom.32,47
Conclusion
Ion nanocalorimetry is used to investigate the energy deposition that occurs in femtosecond collisions between charged
nanodrops containing divalent Ca and Mg with either Cs or Ne
atoms. Fragment ions formed by loss of water molecules from
the doubly charged precursor as well as fragment ions formed
by electron transfer from Cs are observed. The latter ECID
process results in fragmentation from the reduced precursor by
two competitive pathways corresponding to either exclusive loss
of water molecules or loss of a H atom accompanied by water
molecule loss. The internal energy deposition upon ECID is
very broad and can be very high; ions with threshold formation
energies above 16 eV are observed. Because of the significant
kinetic shift for the larger clusters in these experiments, the
actual energy deposition required to form these fragment ions
on the microsecond time scale of these experiments can be
substantially higher.
A sudden change in reactivity with cluster size occurs at n
≈ 20, where the minimum number of water molecules lost by
the hydrogen atom loss pathway jumps from zero for n ) 19
to five for n ) 20. Although the effects of formation of a third
solvation shell may play a role in these results, a more thorough
theoretical examination of the dynamics of the electron capture
process for clusters in this size range may provide a better
understanding of this phenomenon.
The differences between the ECID and ECD data for these
nanodrops can be attributed to differences in energetics associated with capture of a free electron vs a bound electron from a
neutral atom. The latter should result in less internal energy
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deposition owing to the energy required to ionize the target gas,
but this effect is counteracted by the additional energy that can
be transferred in the collision event. Unlike ECD, the spread in
internal energy deposition caused by the collision in the ECID
process results in a very broad range of product ions that can
have vastly different appearance energies. Finally, the time
scales of the ECD and ECID experiments are significantly
different, which results in a large kinetic shift for ECID unlike
ECD experiments, which have time frames that are many orders
of magnitude longer.
It is remarkable that, despite the significant differences
between the internal energy deposited in ECID and ECD, spectra
of small peptide ions obtained by these two methods are so
similar.15-18 From further comparisons of ECID and ECD
spectra of different ion species, it may be possible to obtain
information about the role of different electronic excited states
in electron capture fragmentation pathways.
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Effects of Electron Kinetic Energy and
Ion-Electron Inelastic Collisions in Electron
Capture Dissociation Measured Using Ion
Nanocalorimetry
Jeremy T. O’Brien, James S. Prell, Anne I. S. Holm,* and
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Department of Chemistry, University of California–Berkeley, Berkeley, California, USA

Ion nanocalorimetry is used to measure the effects of electron kinetic energy in electron
capture dissociation (ECD). With ion nanocalorimetry, the internal energy deposited into a
hydrated cluster upon activation can be determined from the number of water molecules that
evaporate. Varying the heated cathode potential from ⫺1.3 to ⫺2.0 V during ECD has no effect
on the average number of water molecules lost from the reduced clusters of either
[Ca(H2O)15]2⫹ or [Ca(H2O)32]2⫹, even when these data are extrapolated to a cathode potential
of zero volts. These results indicate that the initial electron kinetic energy does not go into internal
energy in these ions upon ECD. No effects of ion heating from inelastic ion-electron collisions are
observed for electron irradiation times up to 200 ms, although some heating occurs for
[Ca(H2O)17]2⫹ at longer irradiation times. In contrast, this effect is negligible for [Ca(H2O)32]2⫹, a
cluster size typically used in nanocalorimetry experiments, indicating that energy transfer from
inelastic ion-electron collisions is negligible compared with effects of radiative absorption and
emission for these larger clusters. These results have significance toward establishing the accuracy
with which electrochemical redox potentials, measured on an absolute basis in the gas phase using
ion nanocalorimetry, can be related to relative potentials measured in solution. (J Am Soc Mass
Spectrom 2008, 19, 772–779) © 2008 American Society for Mass Spectrometry

C

apture of an electron by a multiply charged
protein can result in extensive backbone fragmentation from which information about the
sequence [1–3], sites of posttranslational modifications
[3–7], and even tertiary structure can be obtained [2, 8, 9].
Since the introduction of this electron capture dissociation
(ECD) method by Zubarev and colleagues [1], who combined thermally generated electrons with trapped ions in
a Fourier-transform ion cyclotron resonance (FT/ICR)
mass spectrometer, others have demonstrated that similar
fragmentation pathways can be obtained when the electron is captured from an atom [10, 11] or from molecular
anions [12, 13]. These methods provide a new route to
obtain structural information from intact proteins and
large peptides, making applications such as “top-down”
proteomics [7] feasible.
Ion-electron recombination or electron capture (EC)
is exothermic by a value corresponding to the recombination energy (RE) [14, 15]. This energy can partition
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into internal modes of the precursor ion and into
translational, rotational, and vibrational modes of the
dissociation products. The extent of internal energy
deposition upon ion activation can be measured using
“chemical thermometers,” which are ions that have
fragmentation pathways with known activation energies and entropies. For example, Cooks and colleagues
used Fe(CO)5⫹ · to compare the energy deposition of
collision-induced dissociation and surface-induced dissociation [16]. The appearance energies for fragments of
Fe(CO)5⫹ · are known and their formation occurs with
similar entropies, so that the internal energy deposition
is directly reflected by the fragment ion abundances. A
measure of the internal energy deposition into molecular ions of n-butylbenzene molecules can be obtained
from the relative abundance of fragment ions at m/z 91
and 92 [17–19]. The appearance potential of the former
is higher, but so is the entropy, making it the favored
process when more internal energy is deposited into the
molecular ion. Rate constants can be measured using
thermal activation methods, such as blackbody infrared
radiative dissociation (BIRD) [20 –23], and these values
can be used to establish “effective” temperatures of ions
activated by other methods [20].
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We recently demonstrated that hydrated cluster ions
are ideal “nanocalorimeters” that can be used to accurately measure the internal energy deposited into these
ions upon activation [24 –27]. This nanocalorimetry
method has been used to measure the internal energy
deposited by EC with thermally generated electrons as
a function of cluster size and cation identity [24 –27]. For
sufficiently large hydrated clusters containing divalent
or trivalent ions, EC results in loss of multiple water
molecules from the reduced precursor. For example,
EC by [Ru(NH3)6(H2O)55]3⫹ results in formation of
[Ru(NH3)6(H2O)n]2⫹, n ⫽ 36, 37, and 38, corresponding
to the loss of 17–19 water molecules from the reduced
precursor ion [26]. For these large clusters, all the
available recombination energy is deposited into internal modes of the ion and the dissociation is statistical. In
contrast, dissociation of much smaller clusters in which
loss of a hydrogen atom and water molecules occurs
can be nonstatistical [25].
For large clusters where the dissociation is statistical,
the RE can be obtained from the average number of
water molecules lost from the reduced precursor. To
obtain the RE, the threshold dissociation energy for the
loss of each water molecule from the reduced precursor
must be known. Values for clusters of the size typically
investigated have not been measured, but these values
can be obtained from the Thomson liquid drop model
[28, 29]. Various implementations of this model have
been recently evaluated by comparison to experimental
data for both monovalent and divalent ions [29]. A
recently introduced discrete implementation of the
Thomson model that takes into account ion size appears
to accurately fit most experimental and quantum chemical data [29]. Energy can also partition into translational, rotational, and vibrational modes of each water
molecule that is lost and can be accounted for using a
simple statistical model. A more detailed description
about how RE values can be accurately obtained from
the number of water molecules lost, including effect of
energy partitioning, is presented elsewhere [27].
Unlike some methods, such as photoionization spectroscopy, which can be used to obtain vertical ionization energies, the RE values obtained from this experiment are adiabatic values and correspond to the
adiabatic ionization energy of the reduced precursor
[26, 27]. Although the initial electron capture may be a
vertical process, solvent reorganization is fast (few
picoseconds) compared with the timescale of these
nanocalorimetry experiments (tens to hundreds of milliseconds). Energy released upon solvent reorganization will appear as internal energy in these clusters and
is reflected by the number of water molecules that
evaporate from the reduced clusters.
An emerging application of this nanocalorimetry
method is measuring physical properties of ions in bulk
solution that are difficult to obtain by other methods.
For example, reduction potentials of redox active species in bulk solution are measured on a relative basis
where the potential of one half-cell is measured relative
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to that of another. Such measurements result in a ladder
of thermochemical values anchored to that of the standard hydrogen electrode, which is arbitrarily assigned a
value of exactly 0 V. We have recently reported the use
of our ion nanocalorimetry method to obtain absolute
solution-phase reduction potentials [26, 27]. By comparing these values to relative values measured in solution,
an absolute value for the standard hydrogen potential
of 4.2 ⫾ 0.4 V is obtained [27].
Many factors contribute to the ultimate accuracy of
the nanocalorimetry method. Two important factors are
the roles of the electron kinetic energy and ion-electron
inelastic collisions on values of the RE obtained by ion
nanocalorimetry. Here, we demonstrate that the internal energy deposited into hydrated clusters does not
depend on the cathode voltage, which can be used to
vary the electron kinetic energy, over the range of
values typically used in an ECD experiment. In addition, we show that inelastic ion-electron collisions occur, but that these collisions do not significantly affect
the internal energy deposition reported in these nanocalorimetry experiments under typical experimental
conditions.

Experimental
Experiments were performed in a 2.75 Tesla FT/ICR
mass spectrometer, equipped with a nanoelectrospray
ion source [30], a temperature-controlled ion cell [31],
and a heated metal cathode [25] (Figure 1). The cylindrical ion cell (10 cm long ⫻ 7 cm in diameter) consists
of four copper mesh excite/detect plates separated from
two beryllium-copper trapping plates by macor rings.
The trapping plates are solid except for a central 1.0-cm
hole and are wound with thin copper wire to ensure a
uniform electric field across the hole. An oxygen-free
copper jacket surrounds the cell and a controlled flow
of liquid nitrogen is introduced into the copper jacket
by means of a solenoid regulated by a temperature
controller (Model No. CN-i3222, Omega Engineering,
Inc., Stamford, CT, USA). The cell is allowed to equilibrate to a temperature of ⫺140.0 °C for at least 8 h
before conducting these experiments.
The nanoelectrospray ion source, with which extensively hydrated ion clusters are generated, is described
in detail elsewhere [30]. Briefly, borosilicate capillaries
with tips pulled to an inner diameter of about 1 m are
filled with 4 mM aqueous solution of calcium chloride
(Fisher Scientific, Fair Lawn, NJ, USA). A platinum wire
is placed in direct contact with the solution and held at
a potential of about 450 V relative to the approximately
90 °C heated metal capillary entrance to the mass spectrometer. Ions are guided through five stages of differential pumping and trapped in the ion cell. A 7-s pulse
of nitrogen gas, which raises the cell pressure to about
5 ⫻ 10⫺7 Torr, is used to assist in trapping and thermalizing the ions. A mechanical shutter is closed at all
other times to prevent additional ions from entering the
cell. The trapped ions are allowed to reach a steady-
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Figure 1. Schematic of the 2.75 T FT/ICR mass spectrometer used in these experiments. The inset
shows details of the ion cell and heated metal cathode with copper grid. The heated metal cathode is
mounted on the central axis of the vacuum chamber and is positioned 20 cm from the center of the ion
cell. MP, CP, and TP indicate mechanical pump, cryopump, and turbopump, respectively.

state internal energy distribution by exchange of photons with the blackbody radiation field inside the cell
[21–23] over a period of 8 s, during which time the cell
pressure returns to ⬍10⫺8 Torr. Except where noted, the
trapping plate potentials were held at 8.5 V (source
side) and 9.5 V (far side) during ion accumulation,
stepped down gradually during the 8-s delay to 2.0 V,
and held at this potential for the remainder of the
experimental sequence.
Clusters of interest are isolated using stored waveform inverse Fourier transforms (SWIFTs), followed by
a 50-ms delay. This is followed by either electron
irradiation or BIRD. Electrons are thermally generated
using a 1.0-cm-diameter barium scandate-impregnated
cathode (HeatWave Laboratories, Watsonville, CA,
USA) mounted axially 20 cm away from the cell center.
A direct current of 3 A is used to heat the cathode to a
temperature of about 950 °C. To introduce electrons
into the cell, the potential of the cathode housing is
pulsed from ⫹10.0 V to values between 0.0 and ⫺10.0 V.
A value of ⫺1.5 V for the cathode potential during
electron irradiation resulted in maximum ECD efficiency, and this setting was used in all experiments
where cathode potential was not a variable. Electrons
that pass through the cell should be reflected back
through the cell due to the ion-injection optics that are
maintained at high negative potentials [22]. For BIRD
experiments, the heated cathode potential was kept at
⫹10.0 V to prevent electrons from entering the cell. In
all experiments, a potential of ⫹9 V was applied to a
copper-wire mesh mounted 0.5 cm in front of the
cathode. All potentials are referenced to instrumental
ground.
A mobile instrumentation data acquisition system
(MIDAS) [32] was used to acquire 32K data point
transients. Ion abundances were obtained by subtracting the average noise in an approximately 30 m/z
signal-free region near the precursor. For ECD experi-

ments, the average number of water molecules lost
from a cluster upon reduction was calculated as the
weighted average of reduced product cluster abundances and corrected for background dissociation from
BIRD by subtracting the water loss due to BIRD, as
measured with no electrons present in the cell. Experimental error was propagated assuming a distribution of
noise that is uniform and uncorrelated with respect to
m/z in the mass spectral regions investigated, and
normal with respect to intensity. The standard deviation in noise intensity over the aforementioned signalfree region was propagated through all calculations to
estimate error.

Results and Discussion
Electron Kinetic Energy
In these ECD experiments, the electron kinetic energy is
poorly defined and depends on a number of experiment
parameters including, for example, position inside the
ion cell; trapping plate potentials; cell geometry; cathode voltage, temperature, and location; and electron
current. Electrons produced from the heated cathode
should have an initial velocity spread given by a
Maxwell-Boltzmann distribution at the cathode temperature. At 950 °C, the temperature of the heated cathode in
these experiments, the average electron velocity is 1.9 ⫻
105 m/s, corresponding to a kinetic energy of 0.1 eV. In
addition to the thermal distribution, electron– electron
repulsion at the high electron currents typically used in
these experiments will result in an even broader distribution of electron kinetic energies.
To study possible effects of electron kinetic energy
on the internal energy deposition into ions upon EC, the
potential of the cathode can be varied while keeping all
other parameters constant. However, there is a limited
range over which the cathode potential can be varied
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reduce the effective potential inside the cell, which
could result in loss of positively charged ions, consistent with retention of ion signal with high trap potentials when the cathode potential is low. However, the
maximum observed at ⫺1.5 V with 2.0-V trap potentials
suggests that other effects, such as inelastic or elastic
collisions with electrons which could “push” the ions
out of the cell, may occur.

Effects of Cathode Potential on ECD Spectra

Figure 2. [Ca(H2O)15]2⫹ precursor abundance after 120 ms of
electron irradiation as a function of heated cathode potential,
measured with two different trapping plate potential conditions: a
symmetric 2.0 V trap potential during electron irradiation and ion
detection (solid squares) and asymmetrical 8.3/9.2 V source-side/
far-side trap potentials during electron irradiation, 2.0 V during
ion detection (open circles).

(about ⫺1.2 to ⫺2.0 V in these experiments) and ECD
products observed. To investigate the origin of this
effect, [Ca(H2O)15]2⫹ was isolated in the cell and the
precursor abundance was measured as a function of
cathode potential with electron irradiation times of 120
ms (Figure 2). With symmetric trapping potentials of
2.0 V during ECD and ion detection, rapid loss of the
precursor is observed when the cathode potential is
varied from 0 to ⫺1.0 V (Figure 2; solid black squares).
A local maximum in precursor intensity occurs at about
⫺1.5 V and the precursor intensity rapidly decreases at
cathode potentials more negative than ⫺2.0 V. Another
local maximum in precursor intensity is observed at
⫺8.0 V. To investigate effects of trapping plate potentials on this phenomenon, asymmetric trapping potentials of 8.3 and 9.2 V were used during ECD (2.0 V
during ion detection). With these higher trap potentials,
precursor ion loss is significantly reduced at low cathode potentials, but otherwise the trapping potentials
during ECD have little effect (Figure 2; open circles).
Similar results to the higher trapping plate data have
been reported by Lioe and O’Hair, who irradiated
singly charged ions with electrons and concluded that
the loss of signal was due to neutralization [33]. However, no singly charged ions were observed in our
experiments with cathode potentials between ⫺3.0 and
⫺7.0 V, indicating that ion-electron recombination is
not the origin of precursor loss. Marshall and colleagues
demonstrated that manipulation of the trapping potentials during and immediately after the ECD event or the
use of single-pass versus reflected-electron configurations can shift the peak in ECD efficiency as a function
of cathode potential [34]. High electron currents can

To determine how the electron kinetic energy affects the
internal energy deposition upon EC, ECD spectra of
[Ca(H2O)32]2⫹ and [Ca(H2O)15]2⫹ were measured as a
function of cathode potential. ECD of the former results
exclusively in loss of either 10 or 11 water molecules
from the reduced precursor, whereas ECD of the latter
results in loss of an H atom and 8 or 9 water molecules,
resulting in formation of hydrated calcium hydroxide
with a single charge. For [Ca(H2O)32]2⫹, there is no
discernable trend in the average number of water
molecules lost from the reduced precursor for cathode
potentials ranging from ⫺1.2 to ⫺2.0 V (Figure 3). The
average number of water molecules lost over this range is
10.26 ⫾ 0.04. Extrapolation of these data to a cathode
housing potential of 0.0 V results in a value of 10.2 ⫾ 0.2
water molecules. If the electron kinetic energy were deposited into internal modes of the ion, the ECD spectra
should reflect a 0.80-eV (18.4 kcal/mol) change in internal
energy deposition over this 0.80-V range of cathode potentials. Because approximately 0.4 eV (⬃9 kcal/mol) is
required to evaporate a water molecule from a monovalent cluster of this size [29], if the entire electron kinetic
energy had been deposited into the ion, the average

Figure 3. Average number of water molecules lost upon reduction of [Ca(H2O)15]2⫹ and [Ca(H2O)32]2⫹ as a function of heated
cathode potential. Dashed lines indicate extrapolated leastsquares fits of the data, and the error bars at 0.0 V indicate the
propagated error in the intercept.
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number of water molecules that evaporate from these
clusters should have changed by roughly 0.80/0.4 ⫽ 2.0
water molecules over the 0.80-V range in cathode potentials. The insensitivity of the ECD spectra to cathode
voltage clearly indicates that the internal energy deposited
into these hydrated clusters is not a function of the
electron kinetic energy over the range of cathode potentials typically used in ECD experiments.
Similar results are obtained for [Ca(H2O)15]2⫹ where,
again, there is no discernable trend in the average
number of water molecules lost as a function of the
cathode housing potential over a range of ⫺1.4 to ⫺2.0 V
with an average value of 8.26 ⫾ 0.04 (Figure 3). Extrapolation of these data to a cathode potential of 0.0 V
results in a value of 8.4 ⫾ 0.1. As was the case for
[Ca(H2O)32]2⫹, the cathode potential and thus initial
electron kinetic energy have no effect on the internal
energy deposited into this ion. Zubarev et al. reported that
the fragmentation patterns in ECD spectra of 11⫹ ubiquitin ions did not change over a 0.0- to ⫺0.4-V range of
cathode potentials and concluded that the electron kinetic
energy was minor compared to the energy released upon
EC [35]. Our results show that changing cathode potentials does not affect ECD energy deposition in the low
electron energy regime. However, different fragment ions
have been observed in “hot” ECD experiments where the
electron kinetic energy is ⬎5 eV [36, 37].
Trapping plate potentials during ECD also influence
the electron kinetic energy inside the ion cell. To investigate the effects of trap potentials in these experiments,
an ECD spectrum of [Ca(H2O)32]2⫹ was measured using
asymmetric trap potentials of 8.3 and 9.2 V (source side
and far side, respectively) during ECD. An average of
10.25 ⫾ 0.01 water molecules is lost from the reduced
precursor, essentially the same number observed when
the spectrum was acquired with a symmetric trapping
potential of 2.0 V. These results indicate that the trapping potentials do not influence the internal energy
deposited into ions upon ECD over the range of values
typically used in these experiments.
Although these results may seem counterintuitive, it
is important to consider that the capture of an electron
is most efficient when the relative velocity between an
ion and an electron is zero. The relative velocities of
positive ions and electrons can be carefully controlled
by merging the corresponding ion beams in ion storage
rings [38 – 41]. From such experiments, accurate recombination cross sections as a function of relative ionelectron velocity can be obtained. The cross section for
dissociative recombination when a protonated water
molecule captures an electron increases by about 5
orders of magnitude as the center-of-mass kinetic energy decreases from 30 to 0.001 eV [40]. The EC cross
section for D⫹(D2O)2 increases by about 3 orders of
magnitude when the ion-electron center-of-mass kinetic
energy decreases from 0.01 to 0.001 eV [41].
In the ECD experiments described here, the spread of
electron velocities is very broad. Contributing further to
the broadening is electron– electron repulsion, which is
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significant at the high electron currents used in these
experiments. In addition, inelastic ion-electron collisions that do not result in electron capture can result in
lower electron kinetic energies. All of these factors
could result in a small fraction of electrons with nearzero kinetic energies inside the ion cell, and these
electrons should be the most efficiently captured by the
slow moving positive ions in our experiment.

Effects of Inelastic Ion-Electron Collisions
on ECD Spectra
Inelastic ion-electron collisions can deposit energy into
either the intact precursor or the fragment ions, resulting in ion heating that could contribute to the extent of
dissociation observed. A method to fragment organic
ions based on this phenomenon has been implemented
previously in FT/ICR mass spectrometers by Freiser
and Beauchamp [42] and has been affectionately called
electron impact excitation of ions from organics, or
E-I-E-I-O [43]. This method has been used to dissociate
singly charged peptides [33, 44].
To investigate the extent to which inelastic ionelectron collisions occur and influence the internal
energy deposition in these experiments, [Ca(H2O)15]2⫹
was isolated and ECD experiments were performed as a
function of electron irradiation time from 40 to 200 ms
with a cathode potential of ⫺1.5 V. These data are
corrected for contributions to ion heating by BIRD
originating from the heated cathode and the cooled cell
and surroundings. The average number of water molecules lost from the reduced precursor as a function of
electron irradiation time is shown in Figure 4. There is

Figure 4. Average number of water molecules lost from reduced
[Ca(H2O)15]2⫹ due to EC as a function of electron irradiation time.
The dashed line indicates the extrapolated least-squares fit to the data
and the error bars at 0.0 s indicate the propagated error in the
intercept. The dotted lines represent one standard deviation above
and below the average value of the data at 40, 80, and 120 ms.
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a slight trend in the average number of water molecules
lost as a function of electron irradiation time. Average
numbers of water molecules lost at 40-, 80-, and 120-ms
irradiation times are indistinguishable within experimental error; the average of these three values is 8.24 ⫾
0.03. Values at 160 and 200 ms are slightly higher and
outside experimental error, indicating that inelastic
ion-electron collisions do play a minor role in ion
heating at these longer irradiation times. Extrapolation
of these data to zero irradiation time should give the
number of water molecules lost solely due to EC in the
absence of any heating from inelastic ion-electron collisions; this value is 8.18 ⫾ 0.05. From these results, we
conclude that, although inelastic ion-electron collisions
occur, they contribute negligibly to the internal energy
of the ions when the electron irradiation is less than 120
ms. At longer irradiation times, this effect can be
measured but continues to be negligible at least up to
200 ms.

Effects of Inelastic Ion-Electron Collisions
on Precursor Heating
In separate experiments, effects of precursor heating
due to inelastic ion-electron collisions were obtained for
both [Ca(H2O)17]2⫹ and [Ca(H2O)32]2⫹ by measuring
the extent of water loss from the precursor ions as a
function of electron irradiation time. For both ions, loss
of one or two water molecules from the precursor
constitute the only products observed in addition to
singly charged product ions due to ECD. In these
experiments, blackbody infrared radiative dissociation
occurs [21–23] that can be directly attributed to the
heated cathode that is located 20 cm away from the cell
center [25]. Effects of precursor ion heating due to
inelastic ion-electron collisions can be obtained from
differences in the extent of water loss with and without
electrons introduced into the cell. To do this, the cathode remains at about 950 °C in both experiments, but
for the blackbody comparison, the cathode potential is
⫹10.0 V at all times so that no electrons enter the cell.
Differences in the water loss from the precursor ion
measured in these two experiments can be directly
attributed to inelastic electron-ion collisions. The water
loss from the precursor ions, corrected for loss of the
precursor due to ECD, as a function of electron irradiation time is shown in Figure 5. For [Ca(H2O)17]2⫹,
there is no significant difference in the fragmentation
rate with or without electron irradiation up to 200 ms,
but at longer times, more fragmentation occurs when
electrons are introduced into the ion cell (Figure 5a).
This outcome indicates that inelastic ion-electron collisions result in heating of the precursor ion over this
longer time frame. The induction period at times below
about 200 ms indicates that the precursor ions require
some initial heating to a steady-state temperature before pseudo-first-order kinetics are observed, analogous
to preheating in laser dissociation kinetic studies [45].

Figure 5.
Dissociation kinetics of (a) [Ca(H2O)17]2⫹ and
(b) [Ca(H2O)32]2⫹ with (squares, cathode potential ⫺1.5 V) and
without (circles, cathode potential ⫹10.0 V) electron irradiation as
a function of electron irradiation time. The dashed lines are
least-squares fits to the data obtained with the heated cathode
potential at ⫹10.0 V; the solid lines are a parabolic ([Ca(H2O)17]2⫹)
and least-squares fit ([Ca(H2O)32]2⫹) to the data with a heated
cathode potential of ⫺1.5 V.

In contrast, there is no observable effect of inelastic ionelectron collisions for [Ca(H2O)32]2⫹ (Figure 5b) for
times up to 400 ms. In these experiments, the initial
internal energy of this larger cluster is approximately
twice that of the smaller cluster as are the rates of
radiative absorption and emission. However, the
threshold dissociation energies for loss of a water
molecule from these two different size clusters are
nearly the same. These experiments indicate that the
rate of ion heating due to inelastic ion-electron collisions is negligible compared to that from radiative
absorption (and emission) at this cluster size. Thus, for
the cluster sizes typically used in nanocalorimetry ex-
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periments, heating of the ions due to inelastic ionelectron collisions is negligible under typical experimental conditions.

Conclusions
Ion nanocalorimetry is an accurate and highly sensitive
method for measuring how much internal energy is
deposited into ions upon activation [24 –27]. This
method has been recently applied to measuring absolute reduction potentials of redox couples in bulk
solution [26, 27]. To improve the accuracy with which
these values can be obtained, effects of electron kinetic
energy and inelastic ion-electron collisions on the internal energy deposition in ECD must be known. In typical
ECD experiments done in FT/ICR mass spectrometry,
the relative kinetic energies of the electrons generated
by heated metal cathodes and the trapped ions vary
over a relatively wide range and are poorly defined.
The kinetic energy of electrons in these ECD experiments can be precisely varied by changing the heated
cathode potential. Under typical experimental conditions, varying the cathode potential has no measurable
effect on the internal energy deposited into ions that
capture electrons. These results are consistent with the
presence of some small fraction of electrons with nearzero kinetic energy inside the cell. Such low-energy electrons can be produced by effects of electron– electron
repulsion in the high-density electron beam and/or by
inelastic ion-electron collisions that occur inside the ion
cell. Capture cross sections for EC are significantly
higher when the relative ion-electron velocity approaches zero, and it is capture of this small population
of low-energy electrons that results in the observed
ECD. These results may explain in part the poor absolute cross section for ion-electron recombination in
these experiments.
With electron irradiation times up to 200 ms, no
discernable effects of inelastic ion-electron collisions are
observed. At longer irradiation times, some ion heating
due to inelastic ion-electron collisions is measurable for
small nanoclusters, although this effect is negligible for
the larger size clusters typically used in nanocalorimetry experiments. These results indicate that the cathode potential, trapping plate potential, and inelastic
ion-electron collisions do not play a significant role in
the internal energy deposition in ECD under typical
experimental conditions.
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Nanocalorimetry in mass spectrometry: A route
to understanding ion and electron solvation
William A. Donald, Ryan D. Leib, Jeremy T. O’Brien, Anne I. S. Holm*, and Evan R. Williams†
Department of Chemistry, University of California, Berkeley, CA 94720-1460

A gaseous nanocalorimetry approach is used to investigate effects
of hydration and ion identity on the energy resulting from ion–
electron recombination. Capture of a thermally generated electron
by a hydrated multivalent ion results in either loss of a H atom
accompanied by water loss or exclusively loss of water. The energy
resulting from electron capture by the precursor is obtained from
the extent of water loss. Results for large-size-selected clusters of
Co(NH3)6(H2O)n3ⴙ and Cu(H2O)n2ⴙ indicate that the ion in the cluster
is reduced on electron capture. The trend in the data for
Co(NH3)6(H2O)n3ⴙ over the largest sizes (n > 50) can be fit to that
predicted by the Born solvation model. This agreement indicates
that the decrease in water loss for these larger clusters is predominantly due to ion solvation that can be accounted for by using a
model with bulk properties. In contrast, results for Ca(H2O)n2ⴙ
indicate that an ion– electron pair is formed when clusters with
more than ⬇20 water molecules are reduced. For clusters with n ⴝ
⬇20 – 47, these results suggest that the electron is located near the
surface, but a structural transition to a more highly solvated
electron is indicated for n ⴝ 47– 62 by the constant recombination
energy. These results suggest that an estimate of the adiabatic
electron affinity of water could be obtained from measurements of
even larger clusters in which an electron is fully solvated.
clusters 兩 ECD 兩 recombination 兩 hydration

I

on–solvent interactions are fundamental to many important
phenomena in chemistry and biology, including ion transport
across cell walls, salt-bridge formation, surface tension, and
protein stability, yet many aspects of such interactions are still
not well understood. Mass spectrometry is an important tool for
probing ion–solvent interactions and has been widely used to
obtain valuable thermochemical information. The ability to form
gaseous hydrated clusters of many di- (1) and trivalent (2) ions
has greatly expanded the capabilities of mass spectrometry to
investigate important ion solvation problems. Structural information of hydrated ions has been obtained from a variety of
thermochemical methods (3–5) and spectroscopy (6–9). From
these studies, information about how water molecules organize
around ions and how water can affect the structures of ions
themselves can be obtained (8, 9).
Investigating the most fundamental aqueous ion, the hydrated
electron, is challenging because of its powerful reducing nature
0
(E1/2
⫽ ⫺2.87 V) (10) and high reactivity. Solvated electrons
have been observed in many different solvents (11) and are
important intermediates in radiation chemistry, electron transfer processes, and many biological processes, including those that
can lead to irreversible cell damage. The structure of the
hydrated electron has been investigated by several methods,
including electron spin resonance (12) and Raman spectroscopy
(13), but many details about the structure of the solvent cavity
that traps the electron remain elusive.
Information about hydrated electrons and electron–water
interactions has been obtained from studies of the structures and
dynamics of stable water clusters containing an electron. Since
the first observation of (H2O)⫺
n by mass spectrometry (14), the
structures of these clusters have been hotly debated (15–24).
Evidence for both externally and internally solvated electrons
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0801549105

has been reported. Electron vertical detachment energies
(VDEs) of (H2O)⫺
n clusters have been measured for n between
2 and 69 by using photoelectron spectroscopy (15). Based on the
dependence of the solvation energy on cluster size, which
proceeds as n1/3, these data extrapolate to a value of 3.3 eV at
infinite cluster size. This value is consistent with the photoelectric threshold of water obtained from a thermocycle involving
the hydrated electron in ice (3.2 eV) (15) and computational
values that range from 3 to 4 eV (25), suggesting that a bulk-like
interior electron state for these clusters was probed. However,
subsequent calculations suggest that surface state data would
also proceed linearly with n⫺1/3 (16, 26). From mixed quantumclassical simulations of hydrated electron clusters with between
20 and 200 water molecules, Turi et al. (16) concluded that
surface states were most consistent with results from all previous
experimental studies. In contrast, photoelectron data obtained
by Neumark and coworkers (17, 18) for n up to ⬇150 indicate
that at least three cluster isomers can be produced via supersonic
expansion and clusters with both surface and internal electrons
could be identified based on their VDEs. Results from femtosecond resolved photoelectron imaging of the electron dynamics
in (H2O)⫺
n (19, 20) suggest that an interior electronic state was
probed (19). Recent infrared spectroscopy data of such clusters
provide important insights into electron–water interactions, but
do not resolve the electron location debate (27).
An alternative approach to investigating interactions between
ions, electrons, and water is to measure recombination energies
(REs) resulting from electron capture (EC) by nanometer-sized
hydrated ions in the gas phase (28). In this ion nanocalorimetry
method, gas-phase nanodrops that contain charged metal ions
are reduced by thermally generated electrons (28–31). For large
clusters, the RE is deposited into internal modes of the reduced
cluster resulting in cluster heating and evaporation of water
molecules (28, 29). An estimate of the RE can be obtained from
the sum of the sequential threshold dissociation energies for the
maximum number of water molecules that are lost. More
accurate REs may be obtained from the average number of
water molecules lost, in combination with threshold dissociation
energies derived from a discrete Thomson liquid drop model
(32) and estimates of the translational, rotational, and vibrational energy released into the products (31). Because solvent
reorganization after EC takes place on a time scale that is
significantly faster than that for these nanocalorimetry measurements, the solvent reorganization energy that is released because
of reduction of the precursor should be reflected in the overall
number of water molecules lost from this cluster (30, 31). Thus,
the REs obtained from these experiments should correspond to
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Scheme 1

the adiabatic ionization energies of the reduced clusters. This
nanocalorimetry method has recently been used to obtain absolute REs of gaseous clusters containing different redox-active
species that can be related to reduction potentials in bulk
solution. By comparing these absolute reduction potentials to
relative values measured in solution, an absolute value for the
standard hydrogen electrode potential of 4.2 ⫾ 0.4 V was
obtained (31).
Here, the effects of size and ion identity on the reactivity of
nanodrops with electrons are investigated. Data supporting
ion–electron pair formation on EC by large gaseous Ca(H2O)2⫹
n ,
n up to 62, clusters is presented. The trend in REs with cluster
size is consistent with a transition from an ion–electron pair in
which the electron is delocalized at or near the surface to a more
fully solvated electron with increasing size. Analysis of the REs
as a function of solvation suggests that at larger cluster sizes,
thermodynamic values in aqueous solution may be obtained by
extrapolating results from these nanocalorimetry experiments to
infinite size.
Results and Discussion
Effects of Cluster Size and Metal Ion Identity on EC Reactivity.

Reduction of aqueous nanodrops can result in dissociation by
two pathways depending on cluster size and ion identity (Scheme
1). Results from EC experiments of isolated Cu(H2O)2⫹
n for n ⫽
15, 21, and 29, which show these pathways, are given in Fig. 1. EC
by Cu(H2O)2⫹
15 results predominantly in loss of a H atom
accompanied by loss of either 8 or 9 water molecules (pathway
II), although a single low-abundance product ion corresponding
to the loss of 11 water molecules is also observed (pathway I; Fig.

2⫹
Fig. 1. Mass spectra resulting from electron capture of isolated Cu(H2O)15
2⫹
2⫹
(A), Cu(H2O)21
(B), and Cu(H2O)29
(C). Expansions are indicated on each spectrum. Noise peaks are represented by asterisks.
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Fig. 2. The average number of water molecules lost from the reduced
precursor via both dissociation pathways I and II as a function of the precursor
size, for Co(NH3)63⫹, Cu2⫹, Ca2⫹, Mg2⫹, Sr2⫹, and Ba; data used in Fig. 4 are
enclosed by dashed squares. Data for M(H2O)n2⫹, M ⫽ Mg, Sr, Ba, Ca(H2O)n2⫹,
2⫹
3⫹
n ⬍ 47, Cu(H2O)32
, and Co(NH3)6(H2O)55
are from refs. 28, 29, and 31.

1 A). In contrast, EC by Cu(H2O)2⫹
29 results in the loss of
primarily 16 or 17 water molecules from the reduced precursor
(pathway I; Fig. 1C). No ions from pathway II are observed from
this or larger clusters. For Cu(H2O)2⫹
21 , fragment ions from both
reaction channels are formed with comparable abundances, but
the extent of water loss via each pathway differs dramatically
(Fig. 1B); an average of 15.2 and 10.4 water molecules are lost
via pathways I and II, respectively. The change in the dissociation
pathway and the significant difference in the number of water
molecules lost from reduced Cu(H2O)2⫹
n for these two pathways
at n ⬇ 21 is remarkable. For Ca(H2O)2⫹
n , n ⱕ 22, loss of a H atom
accompanied by loss of water molecules is exclusively observed,
whereas only loss of water molecules occurs for n ⱖ 30. A sharp
transition in the dissociation pathways occurs at about n ⫽ 24
(29). A similar number of water molecules are lost for both
pathways.
The difference in the energetics of pathways I and II corresponds to the H atom affinity of the M(H2O)⫹
n cluster. These
results suggest that the H atom affinity of a Cu⫹-containing
cluster is much greater than that containing Ca⫹ within these
size ranges. These results are consistent with the observation that
the loss of water molecules occurs on thermal activation of
Cu(H2O)⫹
n , for n up to 50 (33, 34), whereas loss of H from
Ca(H2O)⫹
n occurs for 4 ⬍ n ⬍ 13 (35).
The average number of water molecules lost on EC by
3⫹
M(H2O)2⫹
n , M ⫽ Ca, Mg, Sr, Ba, and Cu, and Co(NH3)6(H2O)n
for both pathways combined are shown in Fig. 2. Fewer water
molecules are lost from the smaller clusters because of higher
water-binding energies with decreasing cluster size. This effect
predominates over any increasing RE that may occur with
decreasing cluster size (36). In addition, nonergodic H atom loss
may occur, at least for smaller clusters (29). The average number
of water molecules lost from the reduced Ca2⫹ precursor reaches
a broad maximum of ⬇10.2 for cluster sizes between n ⫽ 24 and
31 and decreases slightly with increasing cluster size (29), but
remains nearly constant between n ⫽ 47 and 62. Data obtained
for Mg(H2O)2⫹
n (n ⱕ 32) follows a similar trend with only minor
differences observed primarily for the smaller clusters, which can
be attributed to differences in water-molecule-binding energies
to Mg⫹ vs. Ca⫹ containing clusters at these sizes. For both
2⫹
Cu(H2O)2⫹
15 and Ca(H2O)15 , the average number of water
molecules lost is nearly the same (Fig. 2). However, a dramatic
difference between nanodrops containing Cu2⫹ and Ca2⫹ is
observed for larger clusters, where the average number of water
molecules lost from Cu-containing clusters is ⬇16.3 compared
with ⬇10.2 for Ca with n ⫽ 26–33.
For Co(NH3)6(H2O)3⫹
n , the average number of lost water
molecules decreases for n ⱖ 40. This can be attributed predomDonald et al.

Ion–Electron Pair Formation. Several pieces of evidence suggest
that an ion–electron pair is formed on EC of Ca(H2O)2⫹
n over the
range of cluster sizes in which water loss is exclusively observed.
For M(H2O)2⫹
32 , M ⫽ Mg, Ca, Sr, and Ba, EC results in nearly the
same number of water molecules lost (Fig. 2), corresponding to
a RE of ⬇4.5 eV, despite the 5 eV difference in second
ionization energies of the bare Mg and Ba atoms (15.0 and 10.0
eV, respectively) (28). In contrast, the RE for Cu(H2O)2⫹
32 is ⬇7.1
eV (31) and the second ionization energy of bare Cu is 20.3 eV.
These results show that relatively few water molecules have a
significant effect on ionization energies. The REs of many other
divalent transition metal ions (data not shown) and M(NH3)3⫹
6
(31) containing water clusters result in significantly higher and
different RE values than those for the alkaline earth dications.
Furthermore, the gas-phase reduction of Cu2⫹- and M(NH3)3⫹
6 containing clusters can be related to one-electron reduction
potentials in aqueous solution (31). These results show that Cu2⫹
and M(NH3)3⫹
6 in the larger nanodrops are reduced. In contrast,
the constant REs for the larger nanodrops containing the
divalent alkaline earth metal cations strongly indicate that an
ion–electron pair is formed. By comparison, reduction of alkaline earth dications in aqueous solution occurs via a two-electron
process. A one-electron process is not observed presumably
because the monovalent cations are relatively unstable in solution because of solvent effects, whereas a one-electron oxidation
is observed in aqueous solution for Cu⫹ (37).
Computational studies of Mg(H2O)⫹
n indicate that for n ⫽
6–8, the most stable structures correspond to a divalent ion with
six water molecules in the first solvation shell and a diffuse
electronic surface state in which the electron density is shared by
many water molecules (36). For larger clusters (n between 9 and
19), the electron density is dispersed between two water molecules in a molecular ‘‘tweezers’’ structure with the electron
interacting with the H atoms of two surface-exposed water
molecules. A solvated electron and M2⫹ pair has also been
proposed for M(H2O)⫹
n , M ⫽ Mg (35, 38) and Ca (35), at n ⬇
15 or greater, based on a change in dissociation reactivity that
occurs for clusters this size. An ion–electron pair structure has
also been proposed for neutral water clusters containing individual alkali metals (39, 40). These results are all consistent with
the formation of an ion–electron pair for the larger reduced
alkaline earth metal ion containing clusters investigated here.
An analogous structure is an electride, which is an ionic salt
where the electron is the anion. Although such electrides have
been investigated for many years (41), it was not until relatively
recently that a single crystal electride that is both thermally
stable and unreactive was reported (42). Results for size-selected
clusters, such as those reported here, may provide insights into
the stabilities of electrides.
There are intriguing parallels between these EC results and
those from infrared multiphoton dissociation experiments of
size-selected (H2O)⫺
n clusters measured for n ⫽ 15–50 (27). For
clusters with up to n ⫽ 20–25, the spectra indicate that the
Donald et al.

H Atom Loss Mechanisms. It is interesting to speculate why the
presence of a metal ion in the smaller gaseous clusters catalyzes
H atom loss on EC. Loss of a H atom and water molecules from
the smaller reduced clusters could occur by three different
mechanisms illustrated in Fig. 3. In the salt-bridge mechanism
(A), a M2⫹OH⫺ and a H3O⫹ pair may be formed by shuttling a
proton from an inner- to an outer-shell water molecule. EC by
the H3O⫹ results in formation of neutral H3O, which is marginally stable and in the excited clusters formed by EC, should
spontaneously dissociate to a H atom and water; the barrier for
H3O radical dissociation (H3O 3 H2O ⫹ H) is calculated to be
0.004 eV (43), although this species can survive on the microsecond time scale when hydrated (44). Analogous salt-bridge
structures to those involved in mechanism A can be stable
intermediates in charge separation reactions (45). The salt
bridge may be transient or its formation may be induced by a
captured electron in a high-n Rydberg state. In the direct
attachment mechanism (B), the electron attaches to a water
molecule resulting in ejection of a H atom and shuttling of a
proton from an inner to an outer-shell water molecule to form
the stable M2⫹OH⫺. Dissociative electron attachment to an
isolated water molecule results in the fragments carrying away
the majority of the dissociation energy in the form of kinetic
energy (46). Although negatively charged water clusters are
stable, the presence of the metal ion could reduce the barrier to
H loss via direct attachment. In the direct metal ion reduction
mechanism (C), the electron directly reduces the metal ion and
prompts a cascade of radical-site-initiated cleavages, resulting in
the formation of M2⫹OH⫺ and the loss of a H atom from the
cluster. A similar mechanism has been proposed for H atom loss
from Mg(H2O)⫹
n clusters, in which an intracluster reaction is
induced on the direct reduction of the metal ion by the delocalized electron (38).
Relating Nanodrop Chemistry to the Condensed Phase. Adiabatic

REs are obtained from the average number of water molecules
lost from the reduced precursors, where the sequential threshold
dissociation energies of water molecules to these extensively
hydrated cluster ions are derived from a discrete Thomson liquid
drop model (32) and combined with the estimated translational,
rotational, and vibrational energy released into the products
(31). For reduced Ca(H2O)2⫹
62 , the energy removed for each
sequential water molecule lost ranges from 9.3 to 10.3 kcal/mol.
For reduced Co(NH3)6(H2O)3⫹
58 , this range is 10.0–11.3 kcal/mol.
When the metal ion inside the nanodrop is reduced, the absolute
reduction energy in a discrete gas-phase nanodrop can be related
to that in bulk solution by using a Born solvation model, which
PNAS Early Edition 兩 3 of 6
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electron interacts primarily with a single water molecule that is
oriented so that the H atoms are in the electron cloud. For
clusters with n between 20 and 50, additional water molecules
directly interact with the electron. The spectra for the larger
clusters indicate that the electron density of the excess electron
is delocalized over multiple water molecules. At n ⬇ 25, there is
also a change in the slope of the electron VDEs (17, 18) and
excited-state lifetimes (21) that was suggested to be the result of
a transition between an externally to internally solvated electron
(18, 21). Interestingly, infrared multiphoton dissociation results
in electron detachment and water loss for n ⱕ 24, whereas only
water loss occurs for larger clusters (27). By comparison, a
relatively abrupt change in dissociation pathways resulting from
EC by Ca(H2O)2⫹
occurs for clusters this size as well. The
n
transition from the loss of an H atom and water molecules to loss
of exclusively water molecules in these EC experiments is
suggestive of a transition from a cluster structure where the
electron interacts predominantly with just a single water molecule to one in which the electron is delocalized over many
molecules with increasing cluster size.

CHEMISTRY

inantly to improved ion stabilization with increasing solvation. In
addition to the effect of ion solvation, surface energy effects, in
which the binding energy of a water molecule to a cluster
increases slightly with increasing size, and a degrees of freedom
effect, in which larger ions dissociate more slowly with increasing
size for a fixed amount of deposited energy, may also contribute.
Because the degrees of freedom effect would lead to a decrease
in the average number of water molecules lost and because
sur face energy effects should be similar for the
Co(NH3)6(H2O)3⫹
n data at these cluster sizes, the near constant
number of water molecules lost for Ca(H2O)2⫹
n with n between
47 and 62 is surprising and indicates that an additional factor,
such as a structural change, must contribute to the observed
water loss in this size regime.

Fig. 3. Mechanisms for loss of a H atom and water molecules from reduced precursor nanodrops containing metal ions. (A) Salt-bridge mechanism in which
a M2⫹OH⫺ and H3O⫹ pair are formed and the electron is captured by H3O⫹, (B) direct dissociative attachment mechanism in which the electron is captured by
an outer shell water molecule resulting in H3O radical dissociation, and (C) direct metal ion reduction followed by a radical-site-initiated intracluster reaction.

has been done for M(NH3)6(H2O)3⫹
55 , M ⫽ Ru, Co, Os, Cr, and
Ir, and Cu(H2O)2⫹
32 to obtain absolute reduction enthalpies for
the corresponding redox couples in the condensed phase (31).
From experimental measurements of entropy in solution, free
energies are obtained and by comparing these values to relative
values in solution, the absolute potential of the standard hydrogen electrode can be obtained (31).
An alternative approach to relating these gas-phase measurements to thermochemical values in bulk solution is to obtain data
as a function of cluster size and extrapolate these data to infinite
size as done previously for measurements of electron VDEs (15).
For sufficiently large clusters, where specific cluster effects, that
is, ‘‘magic numbers,’’ are minimal, and solvation approaches that
in bulk solution, the REs reported here should also progress
toward bulk as n⫺1/3 because the solvation enthalpies are inversely proportional to the cluster radii.
To determine the extent for which the decreasing REs for the
larger clusters can be accounted for by a bulk solvation model, the
average water molecule loss from the reduced nanodrops are
converted to RE values as described (31), and REs for the
2⫹
larger-size clusters of Co(NH3)6(H2O)3⫹
n and Ca(H2O)n are plotted as a function of (n ⫹ 6)⫺1/3 and n⫺1/3, respectively, over a cluster
size ranging from ⬇1.2 to 1.6 nm in diameter (Fig. 4). As a
simplification, ammonia molecules are treated as water molecules
for Co(NH3)6(H2O)3⫹
in this analysis. For Co(NH3)6(H2O)3⫹
n
n ,
there is slight curvature in these data. A linear regression over the
range of n ⫹ 6 ⫽ 46–64 results in a slope of 35 eV, but the slope
for the largest clusters (n ⫹ 6 ⫽ 56–64) is 22.5 eV. A slope of 18.5
eV is obtained from the Born solvation model (47) calculated with
a point charge embedded in a homogenous dielectric medium. The
larger slope for the experimental values suggests that other factors
in addition to ion solvation contribute to the REs for the smaller
clusters, but the majority of the decrease in REs with increasing
cluster size ⬎n ⫹ 6 ⬇ 56 can be accounted for with the Born
solvation model. This suggests that the absolute reduction potential
of Co(NH3)3⫹/2⫹
may be obtained by extrapolating the REs of these
6
and larger clusters to infinite size.
For Ca(H2O)2⫹
n , the data are linear from n ⫽ 32 to 47, with
a slope of 16.5 eV (Fig. 4). The expected slope from the Born
equation is ⬇11.1 eV, although this is calculated for a single
point charge and may not be directly comparable with the
experimental data. The linearity and slope of the data suggest
that the decreasing REs with increasing droplet size in this size
4 of 6 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0801549105

regime can be attributed largely to bulk solvent effects. However,
the RE values are greater than the extrapolated line for n ⬎ 47,
which clearly indicates that a greater amount of energy is
deposited into these nanodrops than the amount expected by this
solvation model at these larger sizes. This suggests that the
nanodrop changes to a more stable structure in this size regime
resulting in a higher RE than expected based on a single
structure and a simple solvation model. Initially, Ca2⫹ is in the
center of the nanodrop (6) and on EC, the electron is delocalized
near the droplet surface with Ca2⫹ remaining in the center,
although distortion of the nanodrops may occur to accommodate
the ion pair. The deviation of the Ca(H2O)2⫹
n data for n ⫽ 47–62
in Fig. 4 can be explained by a change in structure from one in
which the electron is delocalized near the surface of the nanodrop to one where the electron is increasingly solvated by water.
Orientation of water molecules around the e⫺ would result in an
increased RE than that expected by the Born solvation model
extrapolation. Although the orientation of the water molecules
is strongly influenced by the presence of Ca2⫹ in the nanodrop
interior, this effect should decrease with increasing droplet size
and orientation of water molecules by the electron should

Fig. 4. Ion– electron recombination energies obtained from the number of
water molecules lost from the reduced precursor as a function of n⫺1/3 for
hydrated Ca2⫹ and (n ⫹ 6)⫺1/3 for Co(NH3)63⫹; as a simplification, ammonia is
treated as water in this analysis.
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Conclusions
Although this ion nanocalorimetry method is a somewhat unorthodox and indirect route to investigate electron–water interactions, there are several advantages to this approach, including
the potential for high accuracy, the ability to investigate transitions from a localized to a delocalized electron, and ultimately
to a fully solvated electron for sufficiently large clusters. For
these latter clusters, it should be possible to obtain a direct
measure of the adiabatic electron affinity of water by extrapolating these data to infinite cluster size. Unlike in aqueous
solution where the lifetime of a solvated electron can be fleetingly short, the lifetime of the ion–electron pair in these experiments should extend for the lifetime of the nanodrop, which can

Experiments were performed by using a 2.7 T Fourier transform ion cyclotron
resonance mass spectrometer (2) with the ion cell cooled to 130 K with a
controlled flow of liquid N2 (52). Hydrated ions are formed from aqueous
solutions by using nanoelectrospray ionization. Electrons are produced by
using a 1.0 cm-diameter heated cathode (Heatwave Labs) positioned 20 cm
from the cell center and are introduced into the cell for EC experiments by
pulsing the cathode housing to ⫺1.4 V for 40 –120 ms (29). A detailed description of how RE values are obtained from the average number of water
molecules lost from the reduced precursor is given elsewhere (31).

1. Jayaweera P, Blades AT, Ikonomou MG, Kebarle P (1990) Production and study in the
gas phase of multiply charged solvated or coordinated metal ions. J Am Chem Soc
112:2452–2454.
2. Bush MF, Saykally RJ, Williams ER (2006) Formation of hydrated triply charged metal
ions from aqueous solutions using nanodrop mass spectrometry. Int J Mass Spectrom
253:256 –262.
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be many seconds, depending on cluster size, making structural
studies of a delocalized or solvated electron accessible by a host
of methods. By investigating clusters containing other divalent
alkaline earth metal ions in which the metal ion is not directly
reduced, effects of the metal ion on the electron–solvent interaction energy not accounted for in a Born solvation model may
be determined. Although there is still significant uncertainty
about the nature of the ion–electron pair in these nanodrops,
insights from theory and ion spectroscopy may provide important new structural information that would aid interpretation of
these data.
For clusters containing metal ions that are directly reduced,
adiabatic quantities, such as absolute reduction free energies in
bulk solution, could be obtained by extrapolating the corresponding cluster data to infinite size. This could provide an
alternative route to establishing both an absolute electrochemical redox scale and an absolute ion solvation energy scale that
eliminates uncertainties from specific solvation models. For
sufficiently large clusters, both uncertainties in energy partitioning and in water-binding energies are reduced, making it a
potentially more accurate method than the method previously
demonstrated (31). Extension of these measurements to significantly larger clusters would be greatly enhanced at higher
magnetic field strength. Many instrumental performance features for the apparatus used in these experiments increase with
the square of the magnetic field, including accessible mass range
(51). By using state-of-the-art instruments with 12 T or even 15
T magnets, investigations of clusters with well over 1,000 water
molecules should be possible, and should enable bridging the
divide between studies of ions in isolated clusters and ions in
aqueous solution.
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become increasingly favored, as should a more interior electron
state. The observed trend in RE versus n⫺1/3 for the largest
clusters indicates that the transition between these two structures is not complete at the largest cluster size studied. The onset
of a fully solvated electron in these nanodrops should be
indicated by a progressive decrease in RE as n⫺1/3 with even
larger cluster sizes toward the bulk value for the adiabatic
solvation energy of the electron.
To the extent that the reduced Ca2⫹-containing nanodrops in
the size range of n ⫽ 32 to 47 form ion–electron pairs in which
the electron is delocalized, an upper limit to the energy required
to promote such a delocalized electron into vacuum from bulk
water can be obtained by extrapolating these data over this
limited size range to infinite cluster size. This is a likely upper
limit because the observed slope is greater than the expected
Born solvation energy slope. The calcium data in Fig. 4 are linear
over this range of cluster sizes (R2 ⫽ 0.998), with a y intercept
of ⫺0.6 eV, corresponding to an upper limit of ⫹ 0.6 ⫾ 0.6 eV
for forming a comparable delocalized electron in bulk water
from the vacuum level. This value should be comparable to the
upper limit for the conduction band edge of water, V0, which is
the energy of forming a delocalized quasi-free electron in bulk
water from the vacuum level with zero kinetic energy. Despite
the importance of V0 toward understanding water band structure
and the stability of the hydrated electron, its value remains
controversial with reported values as low as ⫺1.3 eV (48) to a
proposed upper limit of ⫹ 1.0 eV (49), although estimates for a
V0 value closer to zero (50) appear to be more widely accepted.
It is difficult to ascertain how the calcium ion in these nanodrops
influences the value obtained from this extrapolation compared
with bulk solution where ion effects are negligible, but some
indication may be obtained by similar studies of other alkaline
earth metal ions that should also form ion pairs.
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The decay of protonated DNA dinucleotides, dA2+, dG2+, dT2+, dC2+ and deprotonated ones, dA2− and dT2−,
after 260 nm photon absorption was measured in an electrostatic ion storage ring 共A denotes adenine, G
guanine, T thymine, and C cytosine兲. Fragmentation on the microsecond time scale was observed and assigned
to statistical dissociation. Good fits to the decay spectra were obtained with a model based on microcanonical
rate constants of the Arrhenius type with activation energies and preexponential factors for the dissociation that
agree well with literature values. In accordance with results from other groups, dT2+ was found to have the
longest lifetime among the cations. The importance of decay processes faster than the microsecond time scale
is elucidated by a comparison between the total ion beam depletion and that due to the observed statistical
decay. We find that such processes play a major role for all of the dinucleotides, being more than 25 times more
probable than the microsecond statistical dissociation for dA2+, dG2+, and dC2+, about 10 times for dT2+, and
between 2 and 6 times for dA2− and dT2−. For the cations, we ascribe these processes to nonstatistical
dissociation prior to randomization of the excitation energy among all degrees of freedom whereas direct
photoelectron detachment may play a role for the anions. Thus, our data indicate that the propensity for
nonstatistical dissociation increases upon nucleobase protonation. Consistent with this trend, the propensity is
less for dT2+ than for the other dinucleotide cations because the phosphoric acid group competes with thymine
for the proton.
DOI: 10.1103/PhysRevA.75.042709

PACS number共s兲: 33.80.Gj, 36.40.Qv, 07.60.Rd, 87.14.Gg

I. INTRODUCTION

Photodamage of organic molecules, in particular biomolecules such as DNA nucleobases 关1兴, is a topic of high current interest. To explain the fundamental physical mechanisms of photostability, studies on isolated molecules or ions
in the gas phase are needed. Much work has therefore been
devoted to unravelling of the intrinsic photophysics of the
chromophore 关2–18兴, including energy conversion and energy flow processes within the molecule. The time scales for
these processes are important for the fate of the photoexcited
molecule when located in a solvent. Dissipation of the energy to solvent molecules is very fast and will often quench
statistical dissociation.
Photoexcitation of biomolecular ions such as peptides
关14,16兴 and mononucleotides 关17,18兴 in vacuo has been
shown to lead to both statistical and nonstatistical dissociation, the latter being defined as either dissociation from an
electronically excited state or dissociation prior to intramolecular vibrational redistribution 共IVR兲 after internal conversion. Statistical dissociation can be described by microcanonical rate constant expressions, e.g., from RRKM or
Arrhenius-type models. In large molecules energy randomization among all the vibrational modes is very rapid 共picosecond or subpicosecond time scale兲 because of the large
number of low-frequency modes, combinations of which can
carry away the high-mode vibrational energy. Despite a major effort on promoting a desired reaction pathway, say via
infrared mode-selective chemistry 共nonstatistical pathway in

*Author to whom correspondence should be addressed. Electronic
address: sbn@phys.au.dk
1050-2947/2007/75共4兲/042709共7兲

contrast to thermal pathway兲, there have been few successful
cases 关19,20兴. It is of large interest to characterize the
branching ratio between the two pathways, statistical and
nonstatistical, but the considerable difference in time scale
presents a challenge as recently pointed out by Schlag et al.
关14兴, mainly because no instrumental setup can measure the
time constants for both processes simultaneously. Statistical
dissociation is often irrelevant when the species is in a solvent since cooling occurs rapidly 共picosecond time scale兲,
whereas nonstatistical dissociation may compete with the
energy dissipation.
We have developed a technique that allows us to obtain
such branching ratios, based on the electrostatic ion storage
ring in Aarhus, ELISA. The approach was described in detail
earlier for the case of AMP mononucleotides and oligonucleotides of adenine 关17,18兴. The current work is a continuation
of this theme with focus on dinucleotides and their decay
upon photoexcitation by 260 nm UV photons. We report here
branching ratios between dissociation of photoexcited ions
on a submicrosecond time scale and statistical decay on a
microsecond to millisecond time scale. Experiments were
carried out for the four dinucleotide monocations dA2+, dT2+,
dG2+, and dC2+ 共see structures in Figs. 1 and 2兲 and two
dinucleotide monoanions dA2− and dT2− 共neutral nucleobases
and phosphoric acid group deprotonated, carrying the
charge兲. The UV chromophores are the nucleobases, and
their absorption spectra are only slightly perturbed upon protonation as expected for * transitions. Fluorescence quantum yields are very low for nucleobases, ⬍10−4 关21,22兴, and
we therefore neglect fluorescence in this work.
Lifetimes and corresponding activation energies were obtained from the experiment as well. These values are measured at much higher internal energies 共microcanonical tem-
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FIG. 1. Schematic drawing of a dinucleotide composed of five
building blocks. N denotes nucleobase, S sugar group, and P phosphoric acid group. The structure shown is dG2+.

peratures of about 800 K兲 than typical in other experiments
such as blackbody infrared radiative dissociation 共BIRD兲
关23–28兴. Our work therefore also provides valuable information in an internal energy regime that is not easily accessed
with other techniques.

II. EXPERIMENT

Lifetime experiments were carried out at the electrostatic
ion storage ring ELISA in Aarhus 共Fig. 3兲, which has been
described in detail elsewhere 关29–32兴. Dinucleotides, all obtained from DNA Technology Ltd., Denmark, were dissolved
in a 共1:1兲 water/methanol 5% acetic acid solution for production of cations and in a 共1:1兲 water/methanol solution for
production of anions. Ions were transferred to the gas phase
by electrospray ionization and accumulated in a 22-pole ion
trap in which they were thermally equilibrated with a room
temperature helium gas for 0.1 s. After extraction from the
trap the ions were accelerated to a kinetic energy of 22 keV
and mass selected by a magnet before injection into ELISA.
For lifetime measurements a storage time of several milliseconds before photoexcitation was necessary to allow time
for decay of metastable ions that have been produced in the
ion source due to collisional excitation during extraction
from the ion trap. The lifetime of the stable dinucleotide ions
in the ring is limited by collisions with the residual gas, and
it varied between 0.5 s and 1.9 s from day to day, depending
on the pressure in the ring.
After 50 ms 共40 ms for anions兲 of storage in ELISA when
the decay of ions was mainly due to collisions with the residual gas, the dinucleotides were irradiated with 260 nm
photons in the side of the ring opposite to the injection side.
The light was the third harmonic of the 780 nm output of a
pulsed alexandrite laser 共PAL101 from LightAge, Somerset,
NJ兲 operating at 10 Hz repetition rate. The pulse width was
about 50 ns. In order to maximize the number of excited
ions, the light was passed twice through the ion bunch with

FIG. 2. Structure of the nucleobases adenine 共A兲, thymine 共T兲,
guanine 共G兲, and cytosine 共C兲. In dinucleotides the highlighted hydrogen is replaced by a sugar group.

the help of a mirror reflecting the laser pulse 共cf. Fig. 3兲. The
yield of neutrals formed by delayed dissociation of photoexcited ions was measured by a MCP detector as a function of
the time after excitation. In order to reach the detector the
neutrals must originate from ions that have survived at least
one-half a revolution, i.e., 50– 100 s. Fragment ions are not
stored in the ring since they have lower kinetic energy than
22 keV.
For anions the yield of ions from the ion source was low
and hence measurements of longer duration were needed to
obtain sufficient statistics.
III. RESULTS AND DISCUSSION
A. Decay spectra and statistical decay model

Decay spectra obtained for the dG2+ cation and the dA2−
anion are shown in Fig. 4. The high yield of neutrals immediately after injection is due to metastable ions that have
been excited during extraction from the ion trap. After a few
milliseconds the signal is dominated by collisional decay in
the ring. In the case of dG2+, the laser pulse was fired
⬃50 ms after injection resulting in a large number of neutrals from dissociation of dG2+, but within about 0.5 ms the
signal was again only due to collisional decay. The intensity
at this point is clearly lower than that just before laser excitation, which implies a photodepletion of the ion beam. Similar spectra were obtained for dA2+, dT2+, dC2+, and dT2−.
The nearly constant count rate due to collision induced dissociation after decay of the laser-excited ions is needed in the
analysis to be described later, and since the lifetimes of the

FIG. 3. 共Color online兲 Schematic drawing of
the electrostatic ion storage ring in Aarhus
共ELISA兲.
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dG2+ cation, the average internal energy is 1.00 eV, and internal energies of the other cations are summarized in Table
I 共rotational energy not included兲. Since the photoexcited
ions are isolated systems with conserved energy, we must
work in terms of a distribution of microcanonical ensembles
each characterized by a microcanonical temperature T. For
the dG2+ ion the average internal energy after photon absorption is 5.77 eV, which gives an average microcanonical temperature of 801 K, and the microcanonical heat capacity is
found to be 0.0120 eV K−1. The corresponding values for the
other nucleotides are shown in Table I. The rate constant is
then represented by an Arrhenius-like expression,

冉

k共T兲 = A exp

冊

− EA
,
kB共T − EA/2C兲

共1兲

where EA is the activation energy, and EA / 2C is the so-called
finite heat bath correction 关39兴. The values of the activation
energy EA and preexponential factor A for the dA2+ ion have
been reported in earlier work done at ELISA using a
Nd:YAG laser for photoexcitation to be 0.88 eV and 1.58
⫻ 1010 s−1, respectively 关18兴. A final expression for the decay
rate of ions in ELISA is given by Eq. 共2兲, where we approximate the temperature distribution g(T) by a Gaussian,
FIG. 4. Decay spectra of dG2+ 共a兲 and dC2− 共b兲. The times of
injection in the ring and of laser firing are indicated by arrows.

anions are longer than those of the cations, the laser pulse
was fired earlier for anions, at about 40 ms after the injection. After photon absorption the energy of the ions is raised
by an amount equal to the energy of a 260 nm photon
共4.77 eV兲. Comparison of the time spectra to those previously obtained for oligonucleotides of adenine 关18兴 indicates
that the decay is due to the absorption of one photon only, in
agreement with the measured power dependence 共vide infra兲.
First, let us consider a model that has been used with
success earlier to account for the decay rate of ions in ELISA
关33–37兴. Thermal equilibrium is established by collisions
with He in the 22-pole ion pretrap and a canonical distribution of the internal energy at the trap temperature is assumed
before laser excitation. The average internal energy of the
ions before laser excitation was evaluated from an independent harmonic oscillator model with vibrational frequencies
obtained from a semiempirical PM3-level calculation performed with the GAUSSIAN03 program package 关38兴. For the

I共t兲 =

冕

k共T兲g共T兲exp关− k共T兲t兴dT.

The decay spectra obtained for the dT2+ and dA2+ ions are
shown in Figs. 5共a兲 and 5共b兲, respectively. From a fit to the
data points with the model outlined above, the statistical lifetime * for dissociation of dT2+ was found to be 189± 30 s,
which is considerably longer than that of dA2+ 共26± 4 s兲
and those of dG2+ 共64± 10 s兲 and dC2+ 共76± 12 s兲. In all
cases, a preexponential factor A = 1.58⫻ 1010 s−1 was used,
and it was assumed that one dissociation pathway was dominant. We have earlier shown that there is a good linear correlation between ln共k兲 and 1 / T for adenine oligonucleotides
dAn for n = 2 – 5 in which case the temperature ranges between about 600 and 800 K, and this supports the assumption of one dominant pathway 共or competing pathways with
similar Arrhenius parameters兲 关18兴. This assumption is also
supported by the results of collision-induced dissociation experiments to be described below. For the dA2+ ion the analysis gave an activation energy EA of 0.87± 0.01 eV, which is
in excellent agreement with the earlier value of 0.88 eV 关18兴.

TABLE I. Summary of initial average internal energies 共300 K兲, microcanonical heat capacities and
temperatures after absorption of one 260 nm photon, and activation energies for dissociation. Preexponential
factors of 1.6⫻ 1010 s−1 for cations and 1.0⫻ 1010 s−1 for anions were used in the modelling. The uncertainties of the activation energies are due to the uncertainties of the statistical lifetimes 共cf. Table II兲.

具EC共300 K兲典 共eV兲
C 共eV/K兲
具T典 共K兲
EA 共eV兲

共2兲

dA2+

dG2+

dT2+

dC2+

dA2−

dT2−

0.94

1.00

0.97

0.90

0.86

0.95

0.0117
819

0.0120
801

0.0116
821

0.0110
848

0.0113
837

0.0113
833

0.87± 0.01

0.91± 0.01

1.00± 0.01

0.97± 0.01

0.96± 0.02

0.96± 0.02
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FIG. 5. 共a兲 Decay spectrum of dT2+ after photoexcitation with
260 nm light. Points are separated by the revolution time in the
ring, which is 94.3 s. 共b兲 Similar spectrum for dA2+ with a revolution time of 95.8 s. 共c兲 Spectrum for dA2− with a revolution time
of 95.6 s. Solid curve: fit based on Eq. 共3兲. Dashed curve: fit by
the sum of two exponential functions.

Activation energies of the other ions obtained from
similar analysis are listed in Table I. They increase in the
order A ⬍ G ⬍ C ⬍ T.
As mentioned earlier, the experiments described here suffer from the weakness that they do not give any insight into
the precise nature of the dissociation processes but several
other groups have reported results related to this. For com-

parison, Boschenok and Sheil 关40兴 studied collision-induced
dissociation 共CID兲 of protonated dinucleotides 共40 eV collisional energy兲 and found that loss of the protonated base was
the main fragmentation pathway. Similar results were reported by Philips and McCloskey 关41兴 and Rodgers et al.
关42兴. The latter group showed that an increase of the centerof-mass collision energy, ECM, led to an increased importance of the channel leading to the protonated base: the yield
of AH+ from dA2+ increased from 55% at ECM = 0.16 eV to
59% at 3.9 eV and the yield of CH+ from dC2+ increased
from 37% at 0.18 eV to 45% at 3.7 eV. The photon energy in
our study is higher, 4.8 eV, which is likely to make this
channel even more dominant. In the case of dT2+, TH+ was
not the dominant fragment; instead backbone cleavage occurred to give a nucleoside-like fragment 关42兴. Hakansson et
al. 关43兴 showed that the fragmentation spectra obtained from
CID are quite similar to those from infrared multiphoton
dissociation. Other groups have investigated larger positively
charged oligonucleotides with CID and in all cases the loss
of thymine was much less probable than loss of one of the
other bases 关44,45兴. The special behavior of thymine can be
linked to its lower proton affinity compared to the other
bases 关46兴. While dA2+, dC2+, and dG2+ dinucleotides are all
protonated at one of the bases, protonation of dT2 at the
phosphoric acid is likely to be important, which implies that
this isomer of dT2+ has a stronger bond between the base and
sugar groups than in the other nucleotides. Wang et al. 关45兴
proposed a mechanism which involves protonation at the
phosphoric acid linkage, cleavage of a P-O bond within the
phosphoric acid group, charge transfer, and finally loss of
HPO3.
The decay model was also applied to fit the anion data
with the assumption of one-photon absorption 共Tables I and
II兲. Figure 5共c兲 shows the fit to the dA2− decay spectrum with
a preexponential factor A = 1.0⫻ 1010 s−1 and an activation
energy of 0.99 eV in fine agreement with values reported in
the literature for loss of adenine from other oligonucleotide
anions 关26–28兴. According to work by several groups, base
loss is the dominant channel, and it precedes backbone
cleavages 关26–28,47兴. As can be seen from Fig. 5共c兲, the fit
only accounts for the first part of the decay. Two exponentials are required to describe the whole decay satisfactorily.
The ratio of these two components is independent of the
pulse energy 共Fig. 6兲, and the components are therefore due

TABLE II. Statistical lifetimes and beam depletion due to statistical and nonstatistical dissociation processes.

* 共s兲a
Total beam depletion 共%兲c
Statistical depletion 共%兲d
Nonstatistical depletion 共%兲d

dA2+

dG2+

dT2+

dC2+

dA2−

dT2−

26± 4
40± 3
3±1
97± 1

64± 10
26± 2
2±1
98± 1

189± 30
17± 3
10± 3
90± 3

76± 12
11± 2
2±2
98± 2

127± 25b
14± 8
24± 6
74± 6

130± 30b
14± 7
17± 4
83± 4

a

Uncertainties of the statistical lifetimes are based on the uncertainty of the best fit when applying the model to the measured decay rate.
Lifetime of fast component.
c
Total depletion as measured at 8 mJ pulse energy for cations and 6 mJ for anions. Uncertainties were estimated by averaging over different
time intervals when calculating the depletion.
d
Uncertainties are the standard deviations of the values obtained from the measurements at different pulse energies 共cf. Fig. 7兲. The
uncertainty in the statistical lifetime plays no significant role in the uncertainty of the statistical depletion.
b
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FIG. 6. Ratio of the two decay components for dA2− as a function of pulse energy.

to the same number of absorbed photons. The same behavior
was seen for the dT2− anion. The lifetimes of the short-lived
components are 127± 25 s and 130± 30 s for dA2− and
dT2−, respectively. The activation energies listed in Table I
for the anions were derived from the Arrhenius-like expression 关Eq. 共1兲兴, using the two short lifetimes. The lifetimes of
the long components of dA2− and dT2− were found to be
1.39± 0.12 ms and 1.29± 0.13 ms, respectively. A component
with longer lifetime has previously been seen after photoexcitation of porphyrin ions, and it was interpreted to be due to
the population of a triplet state that acts as a bottleneck for
the dissociation 关35,36兴. Another possibility is the existence
of two isomers in the ion beam that do not interconvert on
the time scale for dissociation.
B. Importance of other processes than the observed
statistical dissociation

Irradiation by laser light resulted in ion beam depletion. In
the following we estimate whether this depletion is totally
accounted for by one-photon statistical decay or whether
other processes such as nonstatistical processes or rapid statistical decay after multiphoton absorption are of importance.
We cannot directly measure processes occurring on a submicrosecond time scale because the ions must travel one-half of
a revolution in the ring before neutrals from fragmentation
can be detected 共delayed dissociation兲. However, as has been
discussed in detail in previous work 关17,18兴, we can identify
and estimate the importance of such fast dissociation events
by comparing the total beam depletion with that caused by
the observed statistical dissociation.
The total depletion of the beam caused by the laser pulse
is determined from the ratio between the average number of
counts just before excitation and that after decay of the excited ions. Because of collision induced dissociation and
metastable decay, a small depletion of the beam will always
be present even without exciting any ions by a laser pulse.
Corrections required because of this effect were determined
from spectra recorded without firing the laser. The values
obtained for the depletion of the dinucleotide ions are shown
in Table II. The observed difference in total depletion between the dinucleotide cations could be due to different overlaps between ion bunches and laser pulses, but in fact the

FIG. 7. Total depletion and statistical depletion of the dA2+ 共a兲
and dA2− 共b兲 ion beams due to 260 nm photon absorption as a
function of pulse energy. The values for the one-photon statistical
process have been multiplied by a factor of 31 for dA2+ and by a
factor of 3 for dA2−.

variation is in agreement with the variation in absorption
cross sections: a 260 nm photon is absorbed preferentially by
nucleobases in solution in the following order: A ⬎ G ⬎ C
⬎ T 关48兴, and since isolated adenine has a UV spectrum
comparable to that for solvated species 关12兴, one can expect
the same order for gas-phase cross sections.
Ion beam depletions due to statistical decay were estimated by comparison of the rate of neutrals formed in collisions with the rate of neutrals formed after photoexcitation
by the laser, taking into account the different lifetimes
关17,18兴. These numbers were divided by the corresponding
total ion beam depletions to obtain the probabilities of statistical depletion. From Table II it is clear that depletion by the
observed statistical process is inadequate to explain the total
depletion of the beam in all cases. We search for explanations of this in the following.
Clearly, multiphoton absorption could contribute to a
larger total depletion. For instance, if two photons were absorbed by the dA2+ cation, the microcanonical temperature
would rise to 1197 K to give a predicted lifetime of only
0.4 s based on the previously published Arrhenius parameters 关18兴. However, in Fig. 7 the statistical and total depletion of dA2+ and dA2− are seen to follow the same dependence on pulse energy, which indicates that both are due to
one-photon absorption. The almost linear dependence at low
pulse energies flattens out at higher pulse energies due to the
excitation of all ions in the interaction region. If multiple
photon absorption processes were present, one would expect
the one-photon statistical depletion to fall off at high pulse
energies, but this is not the case within the region of pulse
energies explored. The total beam depletion is therefore
mainly due to one-photon absorption. Similar plots were
made for the other dinucleotides, and the existence of domi-
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nant multiple photon statistical dissociation processes was
excluded in all cases.
Direct photoelectron detachment would also result in a
loss of ions not accounted for in the statistical analysis. However, the ionization energy of neutral adenine is 8.3 eV 关49兴,
and since the detachment energy is even larger for a cation
because of the Coulomb attraction, photoelectron detachment
can be completely excluded. On the other hand, in the case
of anions, vertical detachment energies of about 5 eV have
been determined for mononucleotide anions 关50兴, and this
channel therefore may contribute to the larger total depletion.
We conclude that nonstatistical dissociation is the reason
for the larger total depletion of cations, and that it may play
a role for anions depending on the importance of photoelectron detachment. Nonstatistical dissociation of dA2+ occurs
with a probability of 97% ± 1%, which is in fine agreement
with a value of 95% obtained in an earlier experiment using
266 nm light from a Nd:YAG laser 关18兴. The laser beam
profile was different from that for the PAL laser used in the
current work, which would play a role if multiphoton absorption were important. The good agreement between results
obtained with different laser setups therefore supports the
conclusion that multiple photon absorption is unimportant. It
is evident from Table II that nonstatistical dissociation is
most significant for dA2+, dG2+, and dC2+, less so for dT2+,
and least for dA2− and dT2−. Protonation of the nucleobase
therefore significantly affects the dissociation dynamics. This
finding is in agreement with previous experiments on AMP
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A new method for time-resolved daughter ion mass spectrometry is presented, based on the
electrostatic ion storage ring in Aarhus, ELISA. Ions with high internal energy, e.g., as a result of
photoexcitation, dissociate and the yield of neutrals is monitored as a function of time. This gives
information on lifetimes in the microsecond to millisecond time range but no information on the
fragment masses. To determine the dissociation channels, we have introduced pulsed supplies with
switching times of a few microseconds. This allows rapid switching from storage of parent ions to
storage of daughter ions, which are dumped into a detector after a number of revolutions in the ring.
A fragment mass spectrum is obtained by monitoring the daughter ion signal as a function of the
ring voltages. This technique allows identification of the dissociation channels and determination of
the time dependent competition between these channels. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2884121兴

I. INTRODUCTION

Electrostatic storage rings have been used successfully
during the past decade in the study of the physics of atomic
and molecular ions in vacuo. Experiments include measurements of geometrical cross sections of ions, lifetimes after
photoexcitation to obtain Arrhenius dissociation parameters,1
absorption spectra 共based on action spectroscopy兲,2 triplet
quantum yields after photoexcitation,3 rates for electron
autodetachment,4 rates for radiative cooling,5 dissociative
recombination,6 and electron detachment cross sections
of anions and resonant states of multiply charged anions.7
There are currently three operating instruments, ELISA in
Aarhus 共Fig. 1兲,8 a ring at KEK, Tsukuba,9 and the TMU
E-ring in Tokyo.10 Three other rings are under construction,
DESIREE in Stockholm,11 CSR in Heidelberg,12 and FIRE in
Frankfurt.13 Being entirely electrostatic, such rings can store
ions of fixed charge and energy with arbitrary mass. They are
therefore particularly useful for the study of heavy systems
such as clusters, fullerenes, and biomolecules. An ion bunch
accelerated to keV energies enters the ring through a differentially pumped beam line. Once injected, the ions circulate
in the ring with revolution times of about 10– 100 s until
they change their energy/charge ratio. Neutrals formed are
not affected by the electric fields and are measured by a
detector located at the end of one of the straight sections
共discussed later兲. However, the kinetic energy of a neutral is
not large enough to be measured in an energy-sensitive detector as used for MeV beam energies. In a typical experiment, stored ions are excited by a laser pulse in the ring and
the yield of neutral fragments from delayed dissociation is
then detected turn by turn. Direct or fast processes happening
0034-6748/2008/79共2兲/023107/6/$23.00

within a few microseconds are only registered as a depletion
of the stored beam.
When a parent ion dissociates into two fragments, the
fragments share the kinetic energy of the parent ion between
them, the kinetic energy of each fragment being proportional
to its mass. Since only ions with the proper kinetic energy
can be stored in the ring for a fixed setting of the various ring
voltages, daughter ions are lost in the first deflector they have
to pass. Thus, one major limitation in our previous work has
been that we did not know the masses of the fragment ions
produced in the ring after say photoexcitation. Thus, we
could not identify the reaction channels and whether or not
they changed with time. Such information is clearly useful in
the analysis and interpretation of results.
In this work, we present a new technique to overcome
this limitation, based on the implementation of pulsed power
supplies with microsecond switching times. The idea is that a
fast scaling of all voltages of the electric elements in the ring
allows for storage of a particular fragment ion. After several
revolutions, the fragment ions are dumped in the detector to
measure their abundance 共Fig. 2兲. Hence, a linear scan of the
ring element voltages provides a mass spectrum of the fragment ions formed after, for example, photoexcitation of the
original ions. The energy resolution of such a measurement
depends on the fragment storage time. Dumping after half a
revolution results in an energy acceptance of about 1%.
Hence, an electrostatic storage ring can operate as a
mass spectrometer with no change in its basic construction.
More importantly, the competition between dissociation
channels of photoexcited ions can be determined as a function of time 共two qualitative schemes shown in Fig. 3 as
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FIG. 1. 共Color online兲 The electrostatic ion storage ring in Aarhus, ELISA, in combination with a laser. Vertical deflectors in the ring are not shown. See text
for details.

example兲; the time scale can be as short as tens of microseconds and extend up to seconds 共maximum storage time set
by collision-induced dissociation with residual gas in the
ring兲. We emphasize that time-resolved daughter ion mass
spectrometry on the microsecond time scale is not easily performed with other mass spectrometers, such as fourier transform ion cyclotron resonance 共FT-ICR兲 instruments that typically cover time scales of tens of milliseconds. The success
of such an upgrade of ELISA is demonstrated here with a
few examples, together with a description of the characteristics of the new power supplies.
II. PRINCIPLES OF THE ELECTROSTATIC ION
STORAGE RING IN AARHUS, ELISA
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Parent ion storage
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The principle of the new operation of ELISA is exemplified with the results of two test studies. The molecular
ions were chosen on the basis of knowledge of their fragmentation obtained from other studies.
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III. RESULTS AND DISCUSSION

Dumped beam signal

The instrumental setup in Aarhus is shown in Fig. 1.8
Ions are typically formed by electrospray ionization and accumulated in a multipole ion trap in which they are thermally
equilibrated with a helium buffer gas for 0.1 s. The ion
bunch is accelerated through a kilovolt electrostatic potential, and ions of interest are selected by a magnet and injected
into ELISA through a differentially pumped beam line. As
seen in Fig. 1, the ring consists of two 160° cylindrical deflectors with a 10° parallel-plate deflector and an electrostatic
quadrupole doublet on each side of the deflectors. The circumference of the ring is 8.3 m, and the ions are typically
accelerated to 22 keV before injection, which results in revolution times in the range of 10– 100 s, depending on the
mass. Once injected, the ions circulate in the ring until the
value of their energy/charge ratio changes by decay or in a

reaction. Neutral products are not affected by the electric
fields and will be measured by a detector located at the end
of the straight section 共see Fig. 1兲. The probability of
collision-induced dissociation in the ring is low because of
the low pressure 共a few times 10−11 mbar兲, which results in
storage times of seconds. Therefore, to obtain a larger decay
rate and as a result more ionic fragments for mass analysis,
we have excited ions either by photoabsorption in the ring or
by electron capture in the injection beam line.

t2

FIG. 2. 共Color online兲 Scheme for daughter ion mass spectrometry in
ELISA. Parent ions are stored until time t1 at which all ring voltages are
quickly scaled by x 共within a few microseconds兲 to store a certain daughter
ion with the proper kinetic energy. At time t2, daughter ions are dumped in
the MCP detector by setting the 10° deflector to 0 V.

0
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m
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FIG. 3. 共Color online兲 Time-resolved daughter ion mass spectrometry: the
fragmentation spectrum of the excited parent ions is recorded at two different times, t1A and t1B.
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FIG. 4. 共Color online兲 共A兲 Time spectrum of neutrals counts for
stored Ru共bipy兲3+ in ELISA. 共B兲 At time t1 = 1.10 ms, ring voltages are
switched to store the daughter ion Ru共bipy兲2+. At time t2 = 2.25 ms, these
ions are dumped onto the MCP detector. 共C兲 Ring voltages as a function
of time.

A. Fragmentation of metastable Ru„bipy…3+ formed
after electron capture by Ru„bipy…32+

A bunch of Ru共bipy兲32+ 共bipy= 2,2⬘-bipyridine兲 dications was accelerated through an 11 kV electrostatic potential. After mass selection by the magnet, the ions were
collided with sodium atoms in a collision cell, inducing
either dissociation or electron transfer. The ring voltages
were set to store singly charged ions, Ru共bipy兲3+, formed
after electron capture 共energy per charge= 22 keV兲. The
decay spectrum of metastable Ru共bipy兲3+ is shown in
Fig. 4共a兲 关signal in microchannel plate 共MCP兲 detector as a
150
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FIG. 5. Daughter ion mass spectrum of Ru共bipy兲3+ obtained at ELISA. Inset
showing the resolution of about 100 共m / ⌬m = 413/ 4兲.
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FIG. 6. Fragmentation spectra obtained from collisions between Ru共bipy兲32+
and 共A兲 He and 共B兲 Na, taken at an accelerator mass spectrometer. 共C兲
Fragmentation spectrum of metastable Ru共bipy兲3+ obtained at ELISA.

function of time兴. Such monocations are known to undergo
dissociation with loss of bipyridine as the main channel.14
In another experiment, we stored the Ru共bipy兲3+ ions in
the ring for a few revolutions 共revolution time of 96 s兲. The
ring voltages were then switched to store the daughter ion
Ru共bipy兲2+ 共t1 = 1.10 ms兲, and after 1.15 ms, the daughter ion
bunch was dumped into the MCP detector by a fast switch of
the 10° deflector in front of the MCP detector to 0 V. The
dumped-beam signal is seen at 2.25 ms 共t2兲 in Fig. 4共b兲. The
corresponding switching logic is plotted in Fig. 4共c兲. Based
on the neutrals counts just before switching and the counts of
the dumped ion beam, the storage efficiency of daughter ions
is estimated to be at least 40%. There is some loss since the
spatial extent of the ion bunch is rather large, two or three
meters, which implies that not all daughter ions are in a
field-free region when the voltages are switched. This could
be improved by shortening the length of the ion bunch to a
maximum of 20% of the circumference of ELISA, i.e., by
emptying the multipole ion trap more quickly 共within 20 s兲.
In order to collect a daughter ion mass spectrum, we set
a hardware gate on the dumped-beam signal and measured
the intensity of the signal as a function of the daughter ion
storage voltages as they were scaled from x = 5% to 100% of
the voltages used to store the parent ion. The mass spectrum
is shown in Fig. 5. The most prominent feature is, not surprisingly, loss of bipyridine. There is also a peak which is
assigned to an ion that has lost half of the bipyridine ligand.
Fragmentation due to collisional activation in the
ring was found to be negligible due to the low pressure
共⬃3 ⫻ 10−11 mbar兲; however, if required, the pressure can be
increased to increase the collision induced dissociation 共CID兲
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FIG. 7. 共Color online兲 共A兲 Time spectrum of neutrals counts for stored pp+
ions. 共B兲 Time spectrum obtained when the ions were excited by a 390 nm
laser pulse at a time of 12.36 ms after injection. The arrow marks in inset
show the times for switching of the ring voltages.

contribution. Such an option is particularly useful for more
accurate mass calibration 共discussed later兲.
We reported earlier the fragmentation spectra of
Ru共bipy兲32+ obtained after high-energy collisions with either
helium or sodium. In the case of He, only CID was observed,
whereas in the case of Na both CID and electron-capture
induced dissociation 共ECID兲 were seen.14 The spectra are
summarized in Fig. 6 together with the present measurement
of Ru共bipy兲3+. In the ELISA experiment, we have resolved
the CID contribution from that of ECID since here only fragmentation of the charge-reduced ions was sampled.
B. Photofragmentation of protonated porphyrin

A bunch of protoporphyrin IX cations 共pp+, Fig. 7兲 was
accelerated through a 22 kV electrostatic potential. After
mass selection by the magnet, the ions were injected into
ELISA and stored. The decay spectrum of pp+ is shown
in Fig. 7共a兲. The high yield of neutrals immediately after
injection is due to metastable ions that have been excited
during extraction from the ion trap or during injection into
the ring. After a few milliseconds, the signal is dominated by
collisional decay in the ring, the lifetime of the ions being
about 1 s.
At various times, the ions were irradiated with 390 nm
light 共photon energy of 3.17 eV兲 in the side opposite to the
injection side 共Fig. 1兲. The light source was a pulsed alexandrite laser that generated 780 nm light which was frequency
doubled in a crystal. The laser was triggered by the transistor
transistor logic 共TTL兲 pulse generated from the trigger sequence that was used for extracting ions from the trap. This

0
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550

m/z

FIG. 8. 共A兲 Fragmentation spectrum obtained from collisions between pp+
and He, taken at an accelerator mass spectrometer. 共B兲 Fragmentation spectrum acquired at ELISA immediately after photoexcitation. Dissociation
within the first 5 s was sampled. 共C兲 Fragmentation spectrum acquired at
ELISA after about 190 s of storage of the photoexcited ions.

pulse was delayed in order to have a desired temporal overlap of the laser pulse with the stored ions. Enhancement
in the decay rate due to photon absorption is clearly seen
关Fig. 7共b兲兴.
For daughter ion mass spectrometry, ring voltages
were switched to store daughter ions. In one case, the ring
voltages were switched immediately after laser excitation
to monitor fragment ions produced before the first turn
关Fig. 8共b兲兴 and, in another, photoexcited ions circulated twice
before the ring voltages were switched 关Fig. 8共c兲兴. The
daughter ion mass spectra obtained for these two cases differ
significantly with much more fragmentation seen at short
times 共within about 5 s兲 as seen in Fig. 8. The various
peaks are assigned to the loss of one or more side chains,
CH3 共15兲, CH2CH 共27兲, COOH 共45兲, CH2COOH 共59兲, and
CH2CH2COOH 共73兲. Charkin et al.15 have shown that loss
of CH2COOH is the lowest energy dissociation channel, requiring 1.9 共⫾0.2兲 eV, and in our experiment, this channel
also dominates for photoexcited ions that dissociate after
190 s. The signal at this later time is due to one-photon
absorption since it increases linearly with the photon flux.
We therefore ascribe the larger fragmentation measured
within the first few microseconds after laser excitation to be
due to two-photon absorption. The lifetime of ions that have
absorbed two photons is expected to be short and most, if not
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FIG. 9. Actual fragment masses vs measured values at ELISA in the case of
pp+. The calibration is linear with a slope of 0.96 and offset of 31.

all, will dissociate before the first turn in the ring. For
comparison, the high-energy CID spectrum of pp+ ions was
recorded at an accelerator mass spectrometer 关Fig. 8共a兲兴. In
this case, even more fragmentation was seen but otherwise
the spectra are quite similar. Collisions with residual gas in
the ring should result in a spectrum similar to Fig. 8共a兲.
C. Calibration and mass resolution

The mass resolution of the ELISA daughter ion experiment is poor, about 100 共m / ⌬m兲 共see inset, Fig. 5兲. The
reason is that the energy acceptance of the ring is high together with a high sensitivity of the MCP detector 共a large
detection area兲. Best resolution was obtained by insertion of
beam scrapers on each side of the ring to reduce the phase
space 共Fig. 1兲. All data reported here were taken under these
conditions.
Calibration of the daughter ion m / z scale requires that
some fragments can be identified; otherwise a CID spectrum
has to be acquired and carefully compared with that obtained
by a more conventional mass spectrometer. For pp+ ions,
there are many prominent peaks present that can be clearly
identified 共Fig. 8兲. The calibration curve in this case is found
to be linear and given by m / z = 0.96m / zmeasured + 31 共Fig. 9兲.
IV. FUTURE DIRECTIONS

We have developed a new technique to measure the
fragmentation of ions in a storage ring using pulsed power
supplies, which opens up for a whole new set of experiments. In the future, we plan to address differences in
statistical and nonstatistical fragmentations following photoexcitation, the latter process being close to prompt.16 Another
important issue is the photodissociation of molecular ions
and determination of Arrhenius parameters in the hightemperature regime.1 It would be interesting to measure the
fragments and compare with those formed in blackbody
infrared radiative dissociation experiments, where dissociation of ions with low internal energy is monitored in the
cell of a FT-ICR instrument.17 In addition, changes in
the fragmentation channels as a function of time can be
identified. Finally, the setup allows the study of the photophysics of daughter ions, e.g., their absorption spectra can be
measured.

We have implemented the daughter ion technique by the
addition of an extra voltage supply for each plate in the deflectors and fast switches for the supplies. The voltages for
the 10° and 160° deflectors are of the order of kilovolts while
for the quadrupole a few hundred volts are needed. The
switches are of the push/pull type. The voltages for the vertical deflectors are bipolar 共between −400 and +400 V兲 and
are switched using fast high voltage amplifiers.
The 10° injection deflector requires three levels for operation: parent ion voltage, daughter ion voltage, and 0 V
when the parent ions are injected. Likewise, the 10° dump
deflector requires three levels: again parent and daughter ion
voltages and 0 V when daughter ions are dumped. However,
three-level switches cannot be switched quickly for all transitions between the three levels. For the injection deflector,
we have fast switching from 0 V 共injection兲 to parent ion
storage and for daughter ion storage. The dump deflector has
fast switching from parent ion storage to daughter ion storage to 0 V 共dump兲. The fast switching times are faster than
1 s, whereas the slow switches can take up to 5 ms. The
switch has a limit for the daughter ion voltage that cannot be
lower than 5% of the parent ion voltage.
All switches were designed and built at the University of
Aarhus and have been integrated into the control system. All
voltages are scaled by a common scaling parameter 共x兲, and
the switching time is given by an external common trigger.
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Experimental cross sections for charge exchange between a negative ion 共TCNQF4−, perfluorinated tetracyanoquinodimethane anion兲 and a xenon atom to produce a dianion 共TCNQF42−兲 exhibit a delayed threshold and
pronounced oscillations as a function of collision energy. These features are explained by a post-collisioninteraction theory which includes phase interferences between the two final state surfaces involving the two
Xe+ fine structure levels. In support of this interpretation, charge-exchange cross sections between TCNQF4−
and sodium are found to smoothly decline as a function of energy from 5 to 100 keV.
DOI: 10.1103/PhysRevA.73.064704

PACS number共s兲: 34.70.⫹e, 36.40.⫺c, 34.80.Lx

Since the initial report by Schauer et al. 关1兴 on the formation of small carbon cluster dianions, there is growing interest in the structural properties and mechanisms of formation
of multiply-charged negative ions. A number of review articles have summarized some of the fascinating aspects of
multiply-charged anions 关2–4兴. For example, the long-range
Coulomb repulsion and short-range polarizability attraction
between an electron and a negative ion gives rise to a socalled Coulomb barrier 共CB兲. The electron binding inside the
CB has been compared with the picture of the ␣ particle
“inside” a metastable 共radioactive兲 nucleus. Wang et al. 关5兴
have employed photodetachment spectroscopy 共PDS兲 to
show that this barrier is roughly 1 eV for most dianions. In
many cases the dianion is metastable 共unbound兲 but very
long lived 共e.g., C602−兲 as a result of the estimated long tunneling times through the CB. Dianions have been formed by
ion-surface collisions 关1兴, sequential electron attachment 关7兴,
and more commonly by electrospray ionization 共see e.g.,
Refs. 关5,6兴兲.
A number of recent studies have addressed the formation
of doubly-charged negative ions via anion-neutral collisions.
Boltalina et al. 关8兴 reported the first experiments on the formation of C60F352− and C60F342− from high energy 共50 keV兲
collisions between C60F35− and atomic and molecular gases.
Later, Tuinman and Compton 关9兴 examined the threshold for
the charge exchange reaction C60F36− + CH4 → C60F362−
+ CH4+ at lower energies 共4 to 10 keV兲 in an effort to determine the electron affinity of C60F36−. Unfortunately, this
study found the apparent threshold to be displaced well
above the expected adiabatic thermodynamic threshold.
Thus, the charge exchange method has proven to be an important new method for the production of dianions 关10,11兴
and trianions 关12兴 but is not yet successful as a method for
the determination of the second electron affinity. All of these
studies emphasize the need for a better understanding of the
physics underlying anion to dianion charge transfer collisions.
Charge-transfer cross sections are generally small at low
collision energy, rise to a broad maximum and fall off at
1050-2947/2006/73共6兲/064704共4兲

higher energy. The collision energy, Em, at which the cross
section is a maximum is described by an empirical expression represented by the familiar “Massey adiabatic criterion”
关13兴
Em = 3.08a2共⌬E兲2m,

共1兲

where 3.08 is a numerical factor derived from the uncertainty
relationship 共⌬E⌬t ⬃ h, with ⌬t being the interaction time兲
evaluated such that the collision energy, Em, is given in eV if
the energy defect, ⌬E, is given in eV, the mass m of the ion
is in amu and a is in Å. The empirical parameter, a, is found
to be ⬃7 / n Å for the transfer of n electrons involving positive ions 关13兴. Limited data for negative ions suggest that a is
closer to 3 Å for neutral atom collisions producing negative
ions 关14,15兴.
Herein, we report a detailed experimental and theoretical
study of the charge exchange cross section between the
singly-charged perfluorinated tetracyanoquinodimethane anion 共TCNQF4−, see Fig. 1兲 and xenon or sodium atoms. The
nonfluorinated parent of TCNQF4 forms the anion component of the well studied TTF:TCNQ charge transfer salt
共TTF= tetrathiafulvalene兲. TCNQ has an electron affinity of
3.4± 0.2 eV 关16兴 and previous calculations 关11兴 give the electron affinity of the TCNQ-monoanion to be ⬃0.1 eV.
TCNQF4 is expected to have a larger second electron affinity
than TCNQ and thus support a stable dianion. This thermodynamic stability has been explored with ab initio calculations performed with the GAUSSIAN98 关17兴 and
GAUSSIAN03 关18兴 program packages. Second-order
Møller-Plesset perturbation 共MP2兲 energies were computed
for structures refined by Hartree-Fock optimizations of increasing basis set size. TCNQF4 and TCNQF42− are calculated as singlet states with RHF and RMP2 methods, and
doublet TCNQF4− is calculated with unrestricted UHF and
UMP methods. Zero-point energies are determined by using
scaled Hartree-Fock calculated frequencies, and are used to
correct the adiabatic and vertical electron affinity values.
A planar optimized structure of D2h symmetry was deter-
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FIG. 1. 共Color online兲 Theoretical structures and relative energies of TCNQF4− monoanion and TCNQF42− dianion. Carbon atoms are
green, nitrogen atoms dark blue, and fluorine atoms are yellow. Vertical energies are the energy of the monoanion at the equilibrium
geometry of the neutral, and the dianion energy at the monoanion geometry.

mined for the neutral and the monoanion, but the dianion
shows two nonplanar stable configurations 共Fig. 1兲. An opposing or coordinated rotation of the nitrile groups relative to
the planar C6F4 ring results in two dianion structures with an
energy difference that is negligible within the quality of the
calculations. The planar geometry of the dianion was confirmed to be unstable with respect to both of these distortions. These lowest energy dianion states are bound by
0.6 eV relative to the monoanion, according to single point
MP2 / 6-311+ G共3df兲 energy calculations done at HF/ 6-311
+ G共2d兲 optimized structures. The monoanion to dianion vertical electron affinity is 0.2 eV. The adiabatic and vertical
electron affinities of the TCNQF4 neutral are calculated to be
3.7 eV and 3.6 eV, respectively. For reference, Simons et al.
关19兴 previously reported the vertical electron affinity of neutral TCNQF4 to be 3.29 eV at the MP2 level of theory, and
2.89 eV with MP4 corrected energies. The difference between the MP2 and the MP4 results suggests some caution
since the current study is limited to MP2 calculations, but the
theory is of sufficient quality to suggest thermodynamic stability of the dianion.
Relative charge exchange cross sections for the reaction
+
TCNQF−4 + Xe → TCNQF−2
4 + Xe

In slow atomic collisions, inelastic processes are often
conveniently treated in terms of transitions between adiabatic
curves. Figure 3 shows a plot of the asymptotic adiabatic
potential energy curves of the quasimolecules. The two final
states, Xe+共 2P3/2兲 and Xe+共 2P1/2兲, are split by the spin-orbit
interaction with ⌬E = E共 2P3/2兲 − E共 2P1/2兲 ⬇ 1.3 eV. These two
final states exhibit a strong nonadiabatic coupling when the
intercenter separation R is approximately 7 a.u. This nonadiabatic coupling is associated with changing symmetry from
an isolated atom symmetry 共j , m j兲 to an atom-in-electric field
symmetry 共n1 , n2 , m兲 where n1, n2, and m are parabolic quantum numbers. The quantum numbers m =  ,  , . . . , are used
for the classification of adiabatic potential curves since m

共2兲

were determined at the University of Tennessee in the energy
range from 2 to 20 keV and at the University of Aarhus from
10 to 110 keV. Both of these experimental methods have
been described in detail elsewhere 关8–12兴. Only negative
ions were recorded in the experiments reported herein. In the
Aarhus experiments TCNQF4 was dissolved in CH3CN and
electrosprayed into a vacuum in order to produce the anion
whereas the anions in the UT experiments were produced by
low energy electron attachment to gas phase TCNQF4. Relative cross sections from the two experiments have been
smoothly joined together at their energy region of overlap
共10 to 20 keV兲 and displayed in Fig. 2. The absolute cross
section scale is provided by the theory described below.

FIG. 2. Cross section for the reaction TCNQ− F4− + Xe
→ TCNQ− F42− + Xe+ as a function of the TCNQF4− ion energy.
The cross section scale is provided by theory. The circles and
squares represent data recorded at the University of Aarhus and the
University of Tennessee, respectively. The error bars are assessed to
be roughly twice the size of the symbols.
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FIG. 3. Potential energy surfaces showing the adiabatic states of
the interaction of TCNQ− F4− + Xe leading to the products TCNQ
− F42− + Xe+共 2 P3/2兲 and TCNQ− F42− + Xe+共 2 P3/2兲. The solid ellipse
shows radial couplings and the dashed ellipse shows rotational
couplings.

cannot vary with changing R. Therefore, the adiabatic potential energy curve with different m can cross at real R while
the potential energy curves with the same m do not. The
adiabatic potential energy curve s representing the initial
state crosses the adiabatic potential curve along the final p
state at R ⬇ 4 a.u. and has an avoided crossing with the
curves corresponding to the final p state at R ⬇ 5.3 a.u. The
avoided crossing feature is mainly due to the Coulomb attraction in the final channels. The splitting of the adiabatic
potential energy curves at the avoided crossing, ␦
⬇ 4.85 eV, has been computed within the framework of the
WKB approximation.
The cross section for reaction 共2兲 is calculated using the
adiabatic potential energy curves represented in Fig. 3. The
radial couplings are treated using “hidden crossing” theory
关20兴, which implies the quasiclassical action along a path in
the complex plane of the intercenter separation R connecting
initial and final states, and the rotational transitions between
 and  states due to rotation of the intercenter axis are
computed using the model of Macek and Dong 关21兴. The
calculation also takes into account the fact that the dianion
potential curves cross those curves leading to excited states
of Xe. These states give rise to a “delayed threshold” in the
reaction cross section and are not shown in Fig. 3 since they
occur at large R 共⬇16 a.u兲. The theoretical calculations are
shown together with the experimental data in Fig. 4. Assuming that the electron affinity of TCNQF4− is 0 ± 1 eV gives a
threshold ELab of ⬃38± 3 eV which is well below the observed threshold of ⬃4 keV. Thus, the delayed threshold is a
result of the preference for excitation rather than ionization
of Xe. In addition, the steep rise of the cross section above
the parent threshold is approximately linear with energy
兵共E␣E兲其 and results from rotational coupling at small R.
The “oscillations” seen in the experimental data are also
reproduced by the theoretical calculations. These features are
attributed to interference in the amplitudes related to the two
different pathways leading to ion-pair products. These can be
termed Rosenthal-Bobashev oscillations previously seen in

FIG. 4. Cross section for the reaction TCNQ− F4− + Xe
→ TCNQ− F42− + Xe+ from 0 to 800 keV showing further oscillations predicted in the charge exchange cross section.

positive ion charge exchange collisions 关22,23兴. Theoretical
calculations for laboratory energies well beyond our present
experimental capabilities predict further oscillations as well
as the broad adiabatic maximum at Em ⬇ 600 keV
关see Fig. 4.兴 This broad maximum deserves further comment.
Cross sections due to hidden crossing transitions maximize when the transition probability P = exp共−2⌬ / v兲 equals
1
2 , where ⌬ is the hidden crossing Massey parameter and v is
the relative velocity of the collision partners. The transition
indicated by the long ellipse at R = 5.3 a.u. in Fig. 3 has ⌬
= 1 / 5 a.u., which therefore gives a maxima at v = 2 / 5 a.u. or
at Em ⬇ 590 keV. This good agreement shows that the maximum is indeed due to the avoided crossing seen in Fig. 3.
Subsequent maxima predicted by Eq. 共1兲 at Em = 6 MeV us-

FIG. 5. Cross section for the reaction TCNQ− F4− + Na
→ TCNQ− F42− + Na+ from 0 to 100 keV. Absolute cross sections
are provided from knowledge of the Na pressure, path length, and
ion currents. Solid line is theory 共see text兲. Error bars become larger
at lower energy where the incident beam intensity is decreasing.
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ing a = 7 Å and at 1.1 MeV using a = 3 Å are not ruled out,
however, our theory includes no mechanism for producing
such maxima at these high energies. Application of the empirical Massey adiabatic criterion 关Eq. 共1兲兴 to the broad
maximum in the cross section shown in Fig. 4 gives a
⬃ 2.2 Å. The smaller value for the parameter a for dianion
formation compared to neutral 共7 Å兲 or monoanion 共3 Å兲 is
attributed to the short range attraction on the inner side of the
CB.
The above interpretation is further supported by measurements of the charge exchange cross sections for TCNQF4−
collisions with sodium atoms shown in Fig. 5. Magnitudes of
the cross section are estimated from knowledge of the temperature 共pressure兲 of the alkali-metal cell. The cross section
is seen to smoothly decrease from ⬃5 to 100 keV. In this
case, the adiabatic potential curve of the TCNQF4− + Na quasimolecule experiences an avoided crossing with the adiabatic potential energy curve of the TCNQF42− + Na+ surface
at Rc = 2 / ⌬E ⬇ 10.6 a.u. This is primarily due to the Coulomb attraction in the final channels, where ⌬E = Ein – Eout
⬇ 4.54 eV, the IP of Na 共5.14 eV兲 less the EA of TCNQF4−
共0.6 eV兲. The splitting of the adiabatic potential energy
curves at the avoided crossing has been computed within the
WKB approximation to be ␦ ⬇ 0.057 eV. The cross section
for dianion formation has the familiar form
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We have developed an experimental technique that allows us to study the physics of short lived
molecular dianions in the gas phase. It is based on the formation of monoanions via electrospray
ionization, acceleration of these ions to keV energies, and subsequent electron capture in a sodium
vapor cell. The dianions are stored in an electrostatic ion storage ring in which they circulate with
revolution times on the order of 100 s. This enables lifetime studies in a time regime covering five
orders of magnitude, 10−5 – 1 s. We have produced dianions of 7,7,8,8-tetracyano-p-quinodimethane
and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane 共TCNQ-F4兲 and measured their
lifetimes with respect to electron autodetachment. Our data indicate that most of the dianions were
initially formed in electronically excited states in the electron transfer process. Two levels of
excitation were identified by spectroscopy on the dianion of TCNQ-F4, and the absorption spectrum
was compared with spectra obtained from spectroelectrochemistry of TCNQ-F4 in acetonitrile
solution. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2771177兴
I. INTRODUCTION

In recent years there has been a growing interest in the
physics and chemistry of molecular dianions in the gas phase
with numerous reports on their formation and behavior.1–4
Due to the Coulomb repulsion between the two excess electrons, dianions are often electronically unstable and the binding energy of the second electron depends strongly on the
molecular size.5 The second electron is confined within the
Coulomb barrier, which is a result of a short range attraction
and the long range Coulomb repulsion, a situation quite similar to that of an ␣ particle inside a metastable nucleus.6 The
dianion may therefore have a long lifetime due to low rates
of tunneling through the Coulomb barrier. Dianions are examples of molecular systems in which electron correlation is
of major importance, and a fundamental understanding of
their physics may pave the way for improvement of quantum
chemistry models.
Because of the fragility of dianions, their formation is an
experimental challenge. We have developed a technique in
a兲
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which monoanions with high translational energy 共keV兲 collide with alkali-metal atoms in a vapor and pick up electrons
to become dianions.7–14 In this way we produced dianions of
7,7,8,8-tetracyano-p-quinodimethane 共TCNQ兲 and 2,3,5,6tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane 共TCNQ-F4兲
共Fig. 1兲,9 which are electron acceptors that have been widely
employed for the construction of electrically conductive organic charge-transfer salts.15 The precursor radical anions
were produced with a large yield from electrospray ionization due to the high electron affinities of the neutral mol-

FIG. 1. Sodium-promoted generation of TCNQ and TCNQ-F4 dianions:
Monoanions of TCNQ and TCNQ-F4 were produced by electrospray ionization and converted to dianions in collisions with Na.
127, 124301-1
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FIG. 2. Schematic layout of the electrostatic storage ring ELISA.

ecules 共3.4± 0.2 eV of TCNQ兲.16–18 The possibility of symmetric cleavage of the radical anions to produce fragment
ions of similar mass-to-charge ratio as the dianions was ruled
out from selection of the natural 13C isotope at one mass
higher.9 In our previous experiments we did not obtain information about the lifetimes of the dianions with respect to
electron autodetachment or about their stabilities, nor did the
experiments reveal information on the electronic states being
populated in the electron transfer process. To address these
questions, we have in this work studied the decay of
TCNQ2− and TCNQ-F2−
4 dianions in the Electrostatic Ion
Storage ring in Aarhus, ELISA and recorded the gas phase
absorption spectrum of TCNQ-F2−
4 . This work parallels earlier ELISA studies of the dianions of C60 and C70.12 In addition, we have used TCNQ-F4 in a spectroelectrochemical
study in order to obtain absorption maxima in solution.
II. EXPERIMENT
A. Gas phase measurements

The TCNQ and TCNQ-F4 anions were produced by
electrospray ionization of the molecules dissolved in acetonitrile. The solutions were pumped through a needle held at a
voltage of −3 kV with a flow rate of 3 l / min. The nanodroplets were passed through a heated capillary 共150 ° C兲 to
remove the remaining solvent molecules. The resulting bare
ions were stored for typically 0.1 s and thermalized at room
temperature in a multipole ion trap filled with a He gas maintained at about 1 mbar with an adjustable gas inlet. Ion
bunches ejected from the trap were accelerated to 22 keV,
and ions of interest were mass selected with a bending magnet. The ions then passed through a Na vapor cell, in which
doubly charged anions TCNQ2− and TCNQ-F2−
4 were produced by electron capture from Na. All ions 共singly and doubly charged anions兲 were injected into the electrostatic ion
storage ring ELISA,19,20 which is illustrated in Fig. 2. The
ring parameters were first set to store monoanions and later
to store dianions.
We first measured lifetimes of monoanions by counting
the neutrals hitting the microchannel plate 共MCP兲 detector
placed at the end of the first straight section 共injection side,
cf. Fig. 2兲. These lifetimes are determined by collisions with
the residual gas in the ring which has a pressure of a few
times 10−11 mbar.
Two methods of observation were used to study the decay of dianions: one determines directly the decay rate, the
other the decrease of the number of stored ions. In the first,
decay of metastable dianions by electron autodetachment
was measured by detection of singly charged anions with a
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channeltron placed very close to the stored beam after a 10°
deflector on the opposite side to injection in the ring 共see Fig.
2兲. The revolution periods for TCNQ2− and TCNQ-F2−
4 are
57.8 and 66.1 s, respectively. The injection rate was normally 10 Hz but was decreased for the observation of long
decay times. In the second method, the beam was dumped
into the MCP detector at different times after the injection.
The dumped beam counts were normalized to the sum of
channeltron counts over the first 100 s.
Absorption spectra of TCNQ-F2−
4 dianions were obtained
from laser absorption at two different storage times in the
ring 共0.5 and 1.6 ms兲. The ions were irradiated with light on
the “back side” of the ring 共Fig. 2兲. The laser was an optical
parametric oscillator, pumped by the third harmonic radiation from a Nd-doped yttrium aluminum garnet laser. The
measurements were made with an unfocused laser beam
about 1 cm in diameter and with a pulse energy of
0.15– 0.30 mJ and pulse width of 10 ns 共full width at half
maximum兲. The pulse repetition rate of the laser was 10 Hz
so that each ion bunch was irradiated with only one laser
pulse. Monoanions formed upon photodetachment were
again measured with the channeltron detector.
B. Solution phase measurements

Cyclic voltammetry was measured in acetonitrile
共MeCN, Labscan, HPLC grade, dried over molecular sieves兲
solutions containing 0.1M Bu4NPF6 共from Aldrich, used as
received兲 as supporting electrolyte, using a CHI630B potentiostat 共CH Instruments, TX兲. Pt electrodes were used as both
working and counterelectrodes, while the reference was
Ag/ Ag+ in the same solvent. All potentials are reported relative to ferrocene 共Fc+ / Fc, 0.31 V versus standard calomel
electrode21兲 measured in the same setup.
The apparatus was also used for the spectroelectrochemical experiments in a 1 mm absorption cuvette 共Quartz,
Hellma兲, except that the counterelectrode was separated from
the solution by a glass frit, and the working electrode exchanged for a Pt grid 共mesh 400兲. Absorption spectra of the
neutral, radical anion, and dianionic species were recorded
on a Cary 50 共Varian Inc.兲 with a potential that was set to be
approximately 0.2 V more reductive than the peak potentials
found from cyclic voltammetry.
III. RESULTS AND DISCUSSION
A. Lifetimes in the storage ring

The decay spectrum of TCNQ•− monoanions is shown in
Fig. 3. The signal in the MCP detector results from neutrals
formed by collisions with residual gas in the ring and is well
described by exponential decay with lifetime of 1 s. A similar lifetime was obtained for TCNQ-F•−
4 indicating a similar
collision cross section.
As mentioned above, lifetimes of TCNQ2− dianions were
measured in two different ways, either by looking at the
decay rate n ⬀ −dN / dt, where N is the number of stored dianions and t is the time after they were formed, or by measuring the number N of stored ions. The results are shown in
Fig. 4, and three exponentials were required to describe all of
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TABLE I. Dianion lifetimes. The number in parenthesis is the fraction that
the component comprises of the total decay.

TCNQ2−
TCNQ-F2−
4

FIG. 3. Time spectrum of neutral counts for stored TCNQ•− ions in ELISA.

the data satisfactorily. The expressions used for the fits to the
channeltron data and MCP data are given below as Eqs. 共1兲
and 共2兲, respectively,
n共t兲 ⬀ − dN/dt = A1k1 exp共− k1t兲 + A2k2 exp共− k2t兲
+ A3k3 exp共− k3t兲,

共1兲

N共t兲 = A1 exp共− k1t兲 + A2 exp共− k2t兲 + A3 exp共− k3t兲, 共2兲
where Ai and ki 共i = 1 , 2 , 3兲 are the three preexponential factors and rate constants. The time constants i = 1 / ki and the
relative contribution of each exponential f i 共=Ai / 关A1 + A2

FIG. 4. 共a兲 Electron emission from TCNQ2− in the storage ring, detected as
a signal from TCNQ•− in a channeltron placed after the 10° electrostatic
deflector. 关共b兲 and 共c兲兴 Time dependence of the number of TCNQ2− dianions
stored in the ring, measured by dumping the beam onto a microchannel plate
detector with a varying delay after the injection.

1 共ms兲

2 共ms兲

3 共s兲

0.2 共0.95兲
0.7 共0.30兲

1.0 共0.04兲
15.0 共0.67兲

0.72 共0.01兲
1.1 共0.03兲

+ A3兴兲 are summarized in Table I. In the fits to the two data
sets the same time constants and relative contributions were
used. The component with a long lifetime of 0.72 s is attributed to collisional electron detachment due to the residual
gas and comprises about 1% of the total decay. The majority
of ions 共95%兲 decayed with a lifetime of 0.2 ms and about
4% with a lifetime of 1.0 ms.
The TCNQ dianion has been predicted to be electronically bound by about 0.1 eV,9 and it is therefore surprising
that most of the dianions decayed quickly 关with a significantly shorter lifetime than the upper limit 共1 s兲 determined
by collisions兴. This indicates that in the electron transfer process, two different electronically excited states are populated
to account for the two short lifetimes 共Fig. 5兲. Internal conversion results in dianions with high internal energy that decay by thermionic emission of the excess electron. We note
that in earlier mass-analyzed kinetic energy measurements
there was no measurable broadening of peaks corresponding
to monoanionic fragments9 as has been observed for other
dianions formed in this way,8,13 and we therefore assume that
the decay channel is dominantly electron loss and not Coulomb explosion into two singly charged ions. Also, calculations indicate that Coulomb explosion channels are endothermic by at least 1 eV.9
Similar experiments were performed for TCNQ-F2−
4 , and
decay spectra are shown in Fig. 6. Three time constants are
again needed to account for the total decay, and the data were
fitted with the constraint that i and f i should be the same for
both data sets 共channeltron data and MCP data兲. The values
obtained from the fits are given in Table I. The long-lifetime
component 共 = 1.1 s兲 due to collisional electron detachment
is larger than that for TCNQ2− but is still only a minor part of

FIG. 5. Potential energy of dianion as a function of the distance between the
monoanion and the electron. The potential energy is zero at infinite distance.
The electronic ground state is a bound state, whereas the two excited states
are unbound. Electron transfer from sodium occurs to either the electronic
ground state or to an electronically excited state. The two electronically
excited states can also be reached by photon absorption of the dianion in its
electronic ground state.
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FIG. 7. Gas phase 共a兲 and solution phase 共b兲 absorption spectra of
TCNQ-F2−
4 . The data between 400 and 700 nm can be described by the sum
of two Gaussians.
FIG. 6. 共a兲 Electron emission from TCNQ-F2−
4 in the storage ring, detected
as a signal from TCNQ-F•−
4 in a channeltron placed after the 10° electrostatic
deflector. 共b兲 Time dependence of the number of TCNQ-F2−
4 dianions stored
in the ring, measured by dumping the beam onto a microchannel plate detector with a varying delay after the injection.

the total decay 共3%兲. The two shorter lifetimes, 0.7 and
15 ms, are longer than those for TCNQ2−. Furthermore, the
fraction of the second component of TCNQ-F2−
4 共67%兲 is
significantly larger than that for TCNQ2− 共4%兲.
The electron binding energy of the TCNQ-F4 dianion in
its electronic ground state is estimated to be close to 1 eV,14
but the fact that only a minor number of the ions are electronically stable implies that also for this ion excited states
are populated in the electron transfer process. Owing to the
electron-withdrawing properties of fluorine, the four C–F
bonds are polarized and both the ground state and the excited
states are lower in energy relative to the nonfluorinated species. However, the Coulomb barrier is also reduced, and the
lifetimes for electron autodetachment for TCNQ2− and
TCNQ-F2−
4 are therefore quite similar.
The inference of electronically excited states is in agreement with the observation of bound excited states of TCNQ
and TCNQ-F4 radical monoanions.22–25 Thus, Brinkman
et al.22,23 reported electronically excited states of TCNQ−•
from electron photodetachment studies and these states were
theoretically characterized by Zakrzewski et al.24 Sobczyk
et al. investigated TCNQ-F−•
4 theoretically and also found
bound excited states for this ion.
B. Absorption spectroscopy

The absorption spectrum in the wavelength region of
450– 900 nm of TCNQ-F2−
4 after a storage time of 0.5 ms in
the ring is shown in Fig. 7共a兲. A band with maximum at
about 481 nm is observed. The band has a small shoulder
extending up to about 700 nm indicative of a second elec-

tronic transition with lower oscillator strength. Two Gaussians with maxima at 481 and 567 nm 共solution phase maximum, vide infra兲 describe the data quite well; the
corresponding transition energies are 2.53 and 2.19 eV. It is
possible that these two excited states are the initial states
being populated in the electron transfer process. It implies
that the Coulomb barrier is more than 2.6 eV above the
ground state energy. This is reasonable since the distance
between the two C共CN兲2 groups is about 6 Å and the Coulomb repulsion energy between two electrons separated by
this distance is 2.4 eV. We notice that no monoanions produced from photoexcited dianions could be measured after
one revolution. A spectrum taken after a longer storage time
共1.6 ms兲 was similar to the 0.5 ms spectrum, but the data
quality was worse because of fewer ions in the ring.
We also carried out solution phase experiments to elucidate the role of a solvent on the electronic properties of the
dianion. Cyclic voltammetry showed reversible reductions
for TCNQ-F4 at half-wave potentials of −0.10 and −0.65 V
vs Fc+ / Fc in MeCN, while the poorer acceptor TCNQ is
reduced at −0.20 and −0.76 V vs Fc+ / Fc under the same
conditions. Thus, the reductions of TCNQ-F4 are anodically
shifted by the same amount 共+0.10 V兲 relative to those of
TCNQ, as previously observed.26 We performed spectroelectrochemistry on TCNQ-F4 关Figs. 7共b兲 and 8兴, and absorption
data for the neutral, radical anion, and dianion species are
collected in Table II together with the values found previously for TCNQ.27,28 The absorption of TCNQ-F2−
at
4
335 nm is very close to that of TCNQ2− 共334 nm兲, but in
addition TCNQ-F2−
4 displays broad absorption bands at approximately 481 and 567 nm 共maxima from Gaussian fits兲.
The original spectrum for the neutral TCNQ-F4 was generated after reoxidation at +0.43 V vs Fc+ / Fc.
Broad absorption in the 450– 700 nm region of
TCNQ-F2−
4 is observed both in the gas phase and in solution.
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TABLE II. Absorption maxima of TCNQ-F4 and its reduced species
共10−4M兲 in 0.1M Bu4NPF6 / MeCN in comparison to those obtained previously for TCNQ.
max 共nm兲
TCNQ-F4
TCNQ-F•−
4
TCNQ-F2−
4

386
410, 754/ 856a
335, 481/ 567b

max 共nm兲
TCNQ
TCNQ•−
TCNQ2−

c

398
441, 690, 762c
334c

a

Electrolysis at −0.10 V vs Fc+ / Fc.
Electrolysis at −0.65 V vs Fc+ / Fc.
c
References 27 and 28. These literature experiments were performed with a
detector range from 300 to 850 nm.
b

FIG. 8. 共Color online兲 Spectroelectrochemistry of TCNQ-F4 共0.1 mM兲 in
MeCN containing Bu4NPF6 共0.1M兲 as supporting electrolyte. Blue: Anion
after electrolysis at −0.10 V vs Fc+ / Fc; Green: Dianion after electrolysis at
−0.65 V vs Fc+ / Fc; Red: Neutral species obtained after final electrolysis at
+0.43 V vs Fc+ / Fc. Cell path length: 1 mm.

This finding confirms that the solution-state absorption is an
intrinsic absorption of the dianion and not the result of aggregation 共e.g., dimer formation兲. Secondly, we note that the
electronic transition with maximum at 477 nm in the gas
phase is unperturbed by solvation of TCNQ-F2−
4 in acetonitrile. For comparison, in the case of TCNQ radical anions,
the absorption spectrum of the anion in the gas phase was
also found to be very similar to that of the anion in solution
phase.22 However, for TCNQ-F2−
4 the oscillator strength of
the band at 567 nm is much larger in solution than in gas
phase 关Fig. 7共b兲兴. This observation seems to indicate that the
two bands should be assigned to separate electronic transitions rather than vibrational fine structure. Finally, the solution spectrum reveals absorption between 700 and 1000 nm,
which is most likely due to monoanions in the solution not
being reduced to dianions since in the gas phase no absorption occurred in this region. Likewise, the small absorption at
420 nm in solution is due to monoanion absorption.
IV. CONCLUSIONS

Monoanions of 7,7,8,8-tetracyano-p-quinodimethane
共TCNQ兲
and
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanop-quinodimethane 共TCNQ-F4兲, produced by electrospray
ionization, were converted into dianions in collisions in a
sodium vapor. After injection into an electrostatic ion storage
ring, most of the dianions decayed by electron emission on a
significantly shorter time scale 共microseconds to milliseconds兲 than for collision-induced dissociation in the ring 共seconds兲. Since the electron binding energies of the dianions in
their electronic ground state are close to 0 and 1 eV for
TCNQ2− and TCNQ-F2−
4 , respectively, the electron is transferred into an electronically excited state of the dianion with
positive energy during the femtosecond interaction time of
the formation of the dianion. Two short lifetimes 共determined
by the probability for tunneling through the Coulomb barrier兲 were measured, indicating that two excited states are

formed. In agreement with this, spectroscopy on TCNQ-F2−
4
revealed two absorption bands between 450 and 700 nm that
were also measured for dianions in acetonitrile solution. Uptake of an electron by the radical monoanion into one of
these two electronically excited states followed by internal
conversion leads to vibrationally excited dianions that subsequently decay by electron emission with two characteristic
lifetimes. The decay of dianions is interpreted as thermally
assisted tunneling, either via excited electronic states or with
transfer of energy to the electron from vibrational hot bands.
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