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Abstract: Vacuum ultraviolet laser photodissociation (UVPD) of peptide ions leads to unusual dissociation 
channels involving backbone C-C bond breaking. However, the molecular basis for the observed behavior 
is not clearly understood. We now report theoretical investigations using ab initio/density functional theory 
(DFT) techniques on neutral and protonated dipeptides undergoing vacuum ultraviolet (VUV) induced 
fragmentation via a Rydberg excitation (and/or electron detachment) and subsequent C-C bond cleavage. 
New experimental results on VUV photodissociation of dipeptides (protonated Ala_Arg and Arg_Ala) provide 
strong support for our proposed model. Our mechanism also provides a natural explanation for the presence 
of immonium ions that are sometimes observed in such experiments. 

Introduction 

Following immense progress made in the last century, it may 
reasonably be claimed that today the frontier of research in the 
area of protein science lies at the boundary between chemistry, 
biology, medicine, and materials science. One active area of 
research in mass spectrometry (MS) and proteomics involves 
studies of the dissociation of peptide ions.1-15 There are a 
variety of peptide ion fragmentation methodologies available 
for interrogating peptides including blackbody radiation,1 IR 
multiphoton excitation,2 UV laser excitation,3,4 and collisions 
with gas-phase molecules or surfaces.5 Most of these are low-
energy activation approaches in which excitation is introduced 
incrementally on a time scale that is long compared to that of 
intramolecular relaxation. Thus, ions are effectively thermally 
excited. In this case, gas-phase fragmentation of protonated 

peptides is typically dominated by cleavages of peptide (amide) 
bonds resulting in the formation of characteristic b and y ions 
(Scheme 1 in the Supporting Information).6 Loss of small 
molecules such as NH3 and H2O from precursor and fragment 
ions is also commonly observed in tandem mass spectra. In 
contrast, high-energy (beam-type) collisional activation of 
peptide ions can lead to other types of backbone cleavages and 
the production of internal fragments and immonium ions from 
simultaneous or consecutive rupture of two peptide bonds. 
Mechanisms for the formation of these fragments in high-energy 
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collisional activation experiments have been previously de-
scribed by the Biemann group.6 Our current understanding of 
gas-phase ion chemistry associated with fragmentation of peptide 
ions has been summarized in a number of articles and recent 
reviews.4–15 

Vacuum ultraviolet laser photodissociation (VUVPD) is an 
elegant, high-energy method for inducing fragmentation in 
peptides. Following electronic excitation, direct dissociation in 
the excited state competes with radiative relaxation and internal 
conversion to the electronic ground state. Direct fragmentation 
is possible because the photon energies are higher than bond 
strengths in peptides.16 Experimental and theoretical work have 
shown that small peptides have strong absorption bands in the 
vacuum ultraviolet associated with backbone chromophores. 
Reilly and co-workers have studied the photodissociation of 
protonated peptides using 157 nm (7.9 eV) vacuum UV (VUV) 
light.4 This high-energy activation results in formation of x, V, 
and w fragments when a basic arginine (Arg) residue is located 
at the C-terminus of the peptide, and a and d ions for peptides 
with N-terminal arginine. They rationalized these observations 
using a mechanism that involves homolytic C-C radical 
cleavage via a Norrish type I reaction followed by radical 
elimination processes from the primary radical cations.4 Ac-
cording to this mechanism, a- and x-type ions are formed by 
removal of a hydrogen atom from the corresponding a + 1 and 
x + 1 radical precursors. In earlier studies using high-energy 
collision-induced dissociation of peptide ions, Biemann and co-
workers have proposed mechanisms for fragmentation processes 
leading to a variety of daughter ions.6 

Several groups have performed similar experiments with 193 
nm light, but the resulting fragmentation patterns exhibit 
significant variations.3,17 Despite the importance of peptide 
photodissociation in protein analysis, VUV-induced fragmenta-
tion of protonated peptides is implicitly understood only at an 

empirical level. This is in contrast with other dissociation 
methods for peptides; for example, the “mobile proton” model 
provides a good understanding of the low-energy fragmentation 
ofprotonatedpeptides.7–9 High-energyfragmentationpathways10,11 

such as charge-remote peptide fragmentation mechanisms12 have 
also been explored in some cases. Similarly, mechanisms to 
understand electron capture dissociation involving protonated 
and deprotonated peptides have also been proposed.13–15 In this 
article, theoretical investigations will be focused on understand-
ing VUV laser-induced dissociation of peptides. 

Computational Details 

Dipeptide model systems are ideal candidates for the theoretical 
study of laser-induced chemistry; they are simple enough to treat 
using a reasonable quantum chemical approach, yet complex enough 
to display experimentally observed fragmentation behavior. The 
geometry optimizations of dipeptides (as neutral or protonated 
singlet forms) and their ionized doublet states reported in this 
communication were performed using density functional theory 
(DFT) with the B3LYP hybrid exchange-correlation functional and 
the 6-311++G(d,p) basis set.18 Low-energy conformations were 
studied in all cases and were confirmed to be minima by means of 
frequency calculations. Rigid potential energy surface scan calcula-
tions (along C-C, C-N, and N-C bond coordinates) have been 
carried out for both forms. In addition, MP2/6-311++G(d,p) 
optimizations were done to validate the general conclusions from 
the DFT calculations. Calculations were carried out of the selected 
dipeptides to locate many local minima because of numerous 
conformational degrees of freedom. We have reported the best 
minima achieved by our calculations. 

Experimental Section 

The dipeptides Ala_Arg and Arg_Ala were diluted to 20 pmol/ 
µL with H2O, and then, 0.5 µL of this solution was spotted on a 
matrix-assisted laser desorption ionization (MALDI) target plate. 
When the spots were dry, 0.5 µL of matrix solution (2.5 mg/mL 
CHCA in 50% ACN/50% H2O/0.1% trifluoroacetic acid) was 
applied on top of it. 

MALDI mass spectra were recorded on an ABI 4700 TOF-TOF 
mass spectrometer (Foster City, CA). All measurements were 
performed in positive reflectron mode. For the photodissociation 
experiments, an F2 laser (Coherent Lambda Physik, Germany) is 
connected to the ABI 4700 TOF-TOF mass spectrometer as recently 
described.19 Its timing is automatically controlled by a program-
mable delay generator. 

Results and Discussion 

The direct study of high-lying electronic excited states is a 
challenging problem. This is particularly difficult due to the 
presence of a large number of excited states at 8 eV and the 
potential for substantial Rydberg-valence mixing at these high 
energies. In particular, VUV radiation is known to excite high-
lying Rydberg-type states for many systems (while near UV 
light does not).20 It is generally recognized that the principal 
characteristics of such excited states are similar to those of the 
corresponding cations. Since the excited electron in Rydberg 
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states occupies a diffuse orbital, the structure and properties of 
molecules in such states should be similar to those in the 
corresponding cations. In fact, high-resolution spectroscopic 
methods such as zero kinetic energy photoelectron spectroscopy 
(ZEKE) and mass analyzed threshold ionization spectroscopy 
(MATI) are predicated on the proposition that high Rydberg 
states have spectra similar to those of the corresponding ions.20 

Computationally, while convergence to specific high-lying 
Rydberg states is often difficult to achieve, it is much easier to 
study the properties of the cations. We find that many of the 
experimental observations on 157 nm laser-induced fragmenta-
tion4 can be explained by a careful analysis of such cations and 
their associated fragmentation behavior. In particular, their 
unusual fragmentation involving C-C bond breaking as well 
as immonium ion formation even with small peptides are 
explained naturally by our analysis. 

The essential points of our analysis can be illustrated by the 
behavior of the simple alanine dipeptide (Ala_Ala). The 
geometries of the neutral dipeptide and the corresponding cation 
are shown in Figure 1. The corresponding spin density distribu-
tion is also shown in Figure 1. Three types of backbone bonds 
are present in every peptide: C-C, C-N, and N-C. While the 
C-C bond is the weakest of the three (for neutral peptides), it 
is the peptide bond (C-N) that breaks under low-energy 
collision activated conditions for protonated peptides. This is 
elegantly explained by the “mobile proton” model that states 
that, upon ion activation, the proton migrates to the available 
protonation sites prior to fragmentation and will facilitate charge-
directed cleavages.6–9 In particular, protonation of the amide 
nitrogen makes the peptide bond weaker than the C-C bond, 
leading to C-N bond breaking under low-energy (“thermal”) 
conditions. The results are however very different following 
VUV excitation of a Rydberg state (that, once again, we model 
as an ion). It is immediately evident that the C-C bond is 
weakened substantially in the cation, clearly suggesting that the 
electron being excited in the Rydberg state comes from the 
corresponding bonding orbital. The unpaired electron spin 
density distribution in the cation is consistent with this analysis 
and exhibits significant character in the vicinity of the C-C 
bond (Figure 1). By using a large 6-311++G(d,p) basis set, 
the bond is stretched by nearly 0.23 Å. The C-C bond strength 
decreases from 71 kcal/mol in the neutral to 17 kcal/mol in the 
cation. The weakening of that bond as seen in the energy profile 
(Figure 2) clearly facilitates C-C peptide backbone cleavage. 

Experiments on 157 nm UV-induced dissociation of peptide 
ions are typically carried out with arginine near the C- or 
N-termini.4 C-C bond breaking is the dominant mode observed 
experimentally with the charge usually sequestered on the 
arginine. While most of the experimentally investigated peptides 
are much larger, we have performed calculations on two 
dipeptides containing protonated arginine, Ala_Arg(H)+ and 
(H)+Arg_Ala. Geometrical parameters of the Ala_Arg(H)+ and 
(H)+Arg_Ala peptide ions in their ground (i.e., protonated) and 
ionized (i.e., doubly charged) states are shown in Figure 3. 
Again, the ionized state displays a dramatic elongation of the 
C-C bond, exactly analogous to the behavior seen earlier for 
the neutral dipeptide Ala_Ala. Calculations were carried out 
on the selected dipeptide model systems in both the states to 
locate many local minima. The most stable peptide ion 
conformers in the ground state for Ala_Arg are stabilized by 
intramolecular hydrogen bonding to the amide carbonyl (folded 
conformation) or carboxyl terminal (unfolded conformation). 
The unfolded conformation is 3.4 kcal/mol stable than the folded 
conformer. For Arg_Ala peptide ions, the most stable conforma-
tion is stabilized by intramolecular hydrogen bonding to the 
amide carbonyl. While there are many conformations, it is worth 
emphasizing here that C-C bond elongation and weakening 
on electron detachment is completely independent of the 
conformation used. Investigation of many other dipeptides shows 
this to be a very general and important finding: the ionized state 
(analogous to the high Rydberg states) is notably more elongated 
along the C-C bond than the corresponding ground state. 

In order to carry out a direct comparison with our theoretical 
results, the two protonated dipeptides, Ala_Arg(H)+ and 
(H)+Arg_Ala, were investigated experimentally, and their 157 
nm photodissociation spectra are displayed in Figure 4. These 
two spectra are quite clean with only one major fragment ion 
in each. In the case of Ala_Arg, the proton is sequestered on 
the C-terminal arginine. As shown in the spectrum (Figure 4A), 
an x1 ion is generated when the C-C bond is cleaved. In the 
case of Arg_Ala (Figure 4B), the proton is on the N-terminal 
arginine, and a1 is the major fragment ion produced by the 
photodissociation process. Similar to previously reported results 
on larger peptide photodissociation,4 the spectrum is dominated 
by an x-type ion in the case of the Ala_Arg peptide cation and 

Figure 1. B3LYP/6-311++G(d,p) optimized geometries for the neutral 
and ionized forms of the Ala_Ala dipeptide. Calculated bond distances (Å) 
are shown. The unpaired electron (spin) densities of the cation at equilibrium 
(left) and a stretched bond length (right) are also shown. 

Figure 2. Potential energy surfaces of bond dissociation in Ala_Ala 
peptides. The scans were carried out by stretching the bond distances while 
keeping the remaining parameters constant. 
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an a-type of ion for the Arg_Ala peptide ion. The x- and a-type 
ions correspond to cleavage of backbone CRsC(O) bonds with 
the charge retained on the C- and N-terminal arginines, 
respectively. In this context, we point out that the traditional 
peptide bond breaking mechanism can also yield the a1 ion via 
CO loss from the initially formed b1 ion. However, the dominant 
presence of the x1 ion cannot be explained by peptide bond 
breaking and offers direct support for the C-C bond breaking 

mechanism. While other more complex mechanisms involving 
rearrangements may be possible, our proposed mechanism 
provides a simple and elegant explanation of VUV photodis-
sociation of peptides leading to C-C bond breaking. UV 
photoionization may well be possible with Ala_Ala (calculated 
ionization energy of 8.1 eV comparable to the 157 nm UV laser). 
However, ionization energies that we calculated for the proto-
nated peptides (Ala_Arg(H)+ ) 10.5 eV, and (H)+Arg_Ala ) 
10.9 eV) are substantially larger, suggesting that direct electron 
detachment is not possible. However, even in the absence of 
direct photoionization, the behavior of the high-energy Rydberg 
excited states is expected to be similar to that of the ionized 
state and can play an important role in governing the fragmenta-
tion of peptides following VUV excitation. In the case of larger 
peptides with significant chain lengths, such a direct ionization 
process may be possible, though it is likely to occur away from 
the protonated residue, leading to C-C bond weakening. 

UV excitation through a specific chromophore inducing a 
neighboring C-C bond dissociation has been investigated 
previously.21,22 For example, Lucas et al. carried out detailed 
investigations of photoinduced side-chain C-C bond breaking 
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Figure 3. B3LYP/6-311++G(d,p) optimized geometries of peptide ions with terminal arginine. 

Figure 4. 157 nm photodissociation spectra of dipeptides (A) [Ala_Arg]+ 

and (B) [Arg_Ala]+. 
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in aromatic amino acids.22 Our primary focus in this investiga-
tion is to understand the general mechanism of photodissociation 
of peptides without requiring the presence of chromophores such 
as aromatic amino acids and independent of the charge location. 
In our general mechanism of photodissociation of peptides, in 
the absence of aromatic chromophores, the peptide bond absorbs 
the photon energy leading to excitation of a Rydberg state that 
has the characteristics of the corresponding cation. The resulting 
C-C bond elongation leads to electron delocalization and 
backbone C-C bond dissociation. 

It is important to mention an additional surprising factor that 
emerges from our investigations. In Figure S3 of the Supporting 
Information, we show spin density distributions of the peptide 
ions in ionized and dissociative states. In particular, after 
breaking the C-C bond, it is interesting to observe the nature 
of the charged fragments and their subsequent behavior. In the 
case of the Ala_Ala peptide cation (Figure 1), analysis of 
fragment charges after the C-C bond dissociation shows that 
the C-terminal fragment gets the unpaired electron while the 
N-terminal fragment gains the positive charge, directly yielding 
an immonium ion (H2N+dCHR, Figure S4 of the Supporting 
Information). For the Ala_Arg(H)+ peptide ion (Figure S3a of 
the Supporting Information), the C-terminal arginine-containing 
part of the peptide will form the x + 1 radical ion after 
dissociation. Such a radical ion is a high-energy species that 
can undergo loss of hydrogen to form the x-ion seen experi-
mentally. In larger peptides, loss of other small molecules can 
lead to rearranged species such as V- and w-type ions that are 
also frequently observed experimentally. More interestingly, 
when the N-terminus of this peptide becomes positively charged, 
it can form a stable immonium ion that may be detected 
experimentally. Unfortunately, in our experiments on 
Ala_Arg(H+), the low mass of the immonium ion (m/e ) 44) 
precludes detection. Results obtained with the MP2/6-
311++G(d,p) model are also consistent with this qualitative 
picture. More detailed analysis requires a careful study of the 
electron recapture process from the high-energy excited state 
during fragmentation. 

Immonium ions that indicate the presence of individual amino 
acids are often detected when peptide ions are fragmented by 
high-energy processes.6,23 They offer important analytical 
information to confirm the presence of specific residues. In 
special cases, immonium ions have been observed via UV 
excitation of an aromatic chromophore leading to nearby side 
chain C-C fragmentation.21,22 b-Type ions commonly observed 
in low-energy peptide fragmentation can lose CO to yield a-ions, 
the smallest of which is an immonium ion.7,8,23,24 In our 
mechanism, a backbone C-C dissociation leads to the direct 
formation of an N-terminal immonium ion. It is consistent with 
the observation of immonium ions deriving from N-terminal 
residues that have been frequently observed in the electron 
ionization mass spectra of peptides.25 In addition, immonium 
ions are often detected in the low-mass region of high-energy 

MS spectra,26 fully consistent with the electronic excitation/ 
ionization occurring near the N-terminus if the charge is located 
at the C-terminus. High-energy collision-induced decomposition 
studies on small peptide ions showed the relative intensities of 
these immonium ions to be dependent on the positions of the 
amino acids in the peptide chain: C-terminal, N-terminal, or 
in-chain.27 Thus, while there are many channels for the 
formation of immonium ions,7,8,21 the detection of N-terminal 
immonium ions is a natural consequence of our calculated 
mechanism. 

Overall, many previous theoretical models, such as the 
“mobile proton model” for CID, charge and electron driven/ 
remote models of ECD (electron capture dissociation), and so 
forth, can explain many unusual experimental observations of 
fragment ions including structural rearrangements.6–15,28 In this 
paper, we demonstrate a complementary mechanism for high-
energy fragmentation in which electron excitation to nearly 
ionized states plays a central role and induces unusual backbone 
cleavage in protonated peptide ions. Observations of C-C 
backbone cleavage to yield a- and x-type product ions as well 
as immonium ions can now be relatively well understood. 
Studies on different combinations of dipeptides also suggest that 
similar electronic states are populated in all cases. We have also 
found that similar mechanisms for the backbone cleavages are 
valid in peptides of moderate length, and calculations are 
currently in progress in our laboratory on larger model systems. 

Conclusions 

Upon VUV excitation, peptide ions photodissociate at 
backbone C-C bonds resulting in a- or x-ion fragments. We 
suggest that laser induced fragmentation occurs via a Rydberg 
excitation (and/or electron detachment mechanism) and subse-
quent C-C bond cleavage. New experimental observations on 
protonated dipeptides provide a strong corroboration for our 
theoretical model. Our general results improve our understanding 
of the fundamental gas-phase chemistry of peptide ions and may 
help to evolve laser controlled chemistry of proteins and improve 
proteomics technology. 
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