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The Early Life of a Peptide Cation-Radical.
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Abstract
We report a new approach to investigating the mechanisms of fast peptide cation-radical
dissociations based on an analysis of time-resolved reaction progress by Ehrenfest dynamics,
as applied to an Ala-Arg cation-radical model system. Calculations of stationary points on the
ground electronic state that were carried out with effective CCSD(T)/6-311++G(3df,2p) could not
explain the experimental branching ratios for loss of a hydrogen atom, ammonia, and N–Cα bond
dissociation in (AR + 2H)+●. The Ehrenfest dynamics results indicate that the ground and low-
lying excited electronic states of (AR + 2H)+● follow different reaction courses in the first 330
femtoseconds after electron attachment. The ground (X) state undergoes competing loss of N-
terminal ammonia and isomerization to an aminoketyl radical intermediate that depend on the
vibrational energy of the charge-reduced ion. The A and B excited states involve electron
capture in the Arg guanidine and carboxyl groups and are non-reactive on the short time scale.
The C state is dissociative and progresses to a fast loss of an H atom from the Arg guanidine
group. Analogous results were obtained by using the B3LYP and CAM-B3LYP density
functionals for the excited state dynamics and including the universal M06-2X functional for
ground electronic state calculations. The results of this Ehrenfest dynamics study indicate that
reaction pathway branching into the various dissociation channels occurs in the early stages of
electron attachment and is primarily determined by the electronic states being accessed. This
represents a new paradigm for the discussion of peptide dissociations in electron based
methods of mass spectrometry.
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Introduction

Charge reduction of gas-phase peptide cations by
electron attachment forms cation-radicals that have

been of keen interest because of their unusual reactivity.
Electron capture and transfer trigger extensive dissociations
of charge-reduced species by loss of hydrogen atoms,
ammonia, side-chain groups, and also by cleavages of
disulfide and peptide backbone bonds [1]. The experimental
methods utilizing this phenomenon are electron transfer
dissociation (ETD) [2] and electron capture dissociation
(ECD) mass spectrometry [3], which are collectively referred
to as ExD [1]. Peptide bond cleavages occur mainly,
although not exclusively, between the amide nitrogens and
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adjacent Cα atoms (N–Cα cleavage for short) to form series of
N-terminal (c) and C-terminal (z) fragment ions that are utilized
for peptide and protein sequencing bymass spectrometry [1, 4].
The nature of ExD has been investigated by experiment and
theory with aims that ranged from statistical evaluation of the
observed dissociations over large ad hoc sets of peptide ions [5,
6] to analysis of fragmentations of selected model peptide ions
to formulate plausible mechanisms [7–18].

An early suggestion of an N–Cα cleavage mechanism
postulated that electron capture proceeds through a high-
lying Rydberg state that undergoes crossing to a repulsive σ*
state involving the N–Cα bond [19]. One of the motivations
for this mechanism was that it avoided internal vibrational
relaxation in the charge-reduced intermediates, which was
considered to be prohibitive to allow for dissociation of large
peptide and protein ions. However, an investigation of
potential energy surfaces for several peptide radicals and
cation-radicals indicated that electron attachment had a
tremendous effect on lowering the transition state (TS)
energies for N–Cα bond cleavages [20]. The TS energies
calculated for several peptide radicals and cation-radicals
[21] were as a rule G50 kJ mol–1 and were comparable to the
barriers for peptide refolding in the gas phase [22].
Experimental [23, 24] and computational [25] studies have
indicated that ExD were susceptible to conformational
effects, unlike collision-induced dissociations of peptide
ions which do not show stereochemical effects. The
calculated rate constants for N–Cα bond cleavages in peptide
cation-radicals were shown to be ~105 s–1 even at 298 K
[26]. This indicated that ground-state peptide cation-radicals
had intrinsic reactivity for N–Cα bond cleavage.

Regarding excited states, Simons and coworkers investi-
gated electronic states formed by adding an electron to a
neutral Ala-Ala molecule that was furnished with a remote
point charge [27]. They found a crossing of the selected σ*
excited state with the ground state of the peptide at an N–Cα

distance of about 2.0 A. However, the excited state was
10 eV above the ground state in the initial molecular
geometry, which was substantially out of the range of
electron binding energies in peptide cation-radicals. A
concurrent analysis of the electronic properties of amide
groups in the presence of remote charge carriers, such as
ammonium and guanidinium indicated that (1) charge-
assisted electron attachment to the amide group produced a
bound excited state represented by a π* orbital, and (2) the
pertinent amide anion-radical had sufficient basicity to
abstract a proton from the protonated ammonium or
guanidinium group such as those in lysine and arginine
residues to form a reactive aminoketyl radical [28]. This led
to the formulation of the Utah-Washington mechanism of
ExD (see reference [29] for details). Simons and coworkers
have further focused on investigating the interactions and
electron transfer between ammonium Rydberg and disulfide
σ* orbitals and have put forth rules that correlated the
electron transfer efficiency with the distance of the interact-
ing groups [30–33].

The energetics of N–Cα bond dissociations in peptide
cation-radicals indicate that backbone fragmentations are
possible in the ground electronic states. Consequently, most
research has hitherto addressed backbone dissociations
occurring after the electron has decayed to the ground
electronic state of the peptide cation radical. The ultimate
goal of theoretical kinetic analysis is to provide relative rate
constants for competitive dissociations that would explain or
predict the experimental branching ratios. However, a recent
detailed kinetic analysis of backbone dissociations of a
pentapeptide cation-radical has concluded that these did not
occur competitively on the ground-state potential energy
surface, but rather involved different electronic states [34].
Likewise, ECD of peptide ions modified with fixed-charge
tags was interpreted by involving excited electronic states to
explain the observed dissociations [35].

In this work, we analyze the ground and excited
electronic states of an experimentally studied peptide cation
radical to propose that not only is the electron captured in an
orbital corresponding to an excited state, but that subsequent
dissociations occur on excited state potential energy surfaces
(PESs) before the electron reaches the ground state.
Migration of the electron to a reactive site, which is a non-
adiabatic process, can be difficult to characterize using
Hartree-Fock self-consistent field computational methods or
linear response methods, such as time-dependent density
functional theory (TD-DFT) [36]. Advances in computa-
tional power and algorithm improvements have made it
possible to perform Ehrenfest direct dynamics calculations
[37–39] on systems of experimental interest. Ehrenfest
dynamics allows us to follow the ab initio, non-adiabatic
trajectory of systems on a mean potential energy surface
(PES) within a coherent electronic wave function frame-
work. This approach is particularly useful for systems that
have electronic states that are closely spaced in energy,
which is characteristic of peptide cation-radicals [29, 34].
Ehrenfest dynamics calculations allow one to explore
regions of the excited state potential energy surface where
the electron and nuclear motions couple, resulting in non-
adiabatic transitions between closely spaced electronic states
[37]. This approach is different from Born-Oppenheimer
dynamics, which examines adiabatic trajectories on a
selected electronic state, as applied by Uggerud and cow-
orkers to study H atom capture by the amide group in a
smaller neutral amide system [40].

The peptide system we chose to study is the cation-
radical (AR + 2H)+● prepared by electron attachment to
doubly protonated Ala-Arg, (AR + 2H)2+. A previous
experimental study [41] established that femtosecond
collisional electron transfer from a Cs atom to (AR +
2H)2+ resulted in complete dissociation of (AR + 2H)+●

within 5 μs. The main dissociations were loss of an H
atom (25%), ammonia (43%), and cleavage of the N–Cα

bond (12%) forming an α-deaminated arginine cation-
radical (C-terminal z1 fragment ion, Scheme 1). Experi-
mental studies using fast ion and neutral beams have
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been able to investigate dissociations and isomerizations
of small peptide radicals within 100–200 ns of their
formation [41]. However, fast reactions occurring on a
shorter time scale could not be resolved by experiments,
and thus the early development of the peptide radical
system could not be examined. We employ Ehrenfest
dynamics to investigate the time course of processes
occurring on potential energy surfaces of different
electronic states of the (AR + 2H)+● cation-radical within
the first 330 femtoseconds of electron attachment to (AR
+ 2H)2+. We also provide a detailed analysis of
stationary points on the potential energy surface of the
ground electronic state using a high level of ab initio
theory.

Methods
All calculations were performed using the Gaussian 09
program suite [42] run on parallel 8-processor nodes.
Molecular dynamics (MD) search of the conformational
space for the (AR + 2H)2+ precursor dication was
performed using a previously reported scheme [43]. This
consists of replica exchange molecular dynamics
(REMD) [44] calculations on the peptide ion. MD
calculations were run for 10 ns with a step size of 1 fs
with eight temperature replicas from 300 to 800 K. One
thousand structures from each replica were selected at
regular intervals for a total of 8000 initial candidate
structures. Each candidate structure was then optimized

at the PM6 level [45]. The PM6 optimized structures
were then analyzed for potential hydrogen bonds.
Structures with the same hydrogen bonds were grouped
together, and the lowest energy structure from each
group was taken to form a new list of candidate
structures. The single point energy for each candidate
structure was calculated at the B3LYP/6-31+G(d,p) level
of theory [46, 47], the structures from each sequence
with the lowest energy were re-optimized at the same
level, and the local minima were confirmed with
frequency calculations.

Regarding cation-radicals, stationary points for local
energy minima and first-order saddle points on the ground
electronic states were obtained with B3LYP, its Coulomb-
attenuating version CAM-B3LYP [48], and the universal
M06-2X functional [49], all with the 6-31+G(d,p) basis set.
Single-point energies were obtained with these functionals,
as well as with Moller-Plesset [MP2(frozen core)] calcu-
lations [50] using the 6-311++G(2d,p) and 6-311++G
(3df,2p) basis sets.At our highest level of theory, coupled
cluster calculations [51] were performed with single, double,
and disconnected triple excitations (CCSD(T)) [52] and the
6-31+G(d,p) basis set and expanded to effective CCSD/6-
311++G(3df,2p) using the standard linear formula, E[CCSD
(T)/6-311++G(3df,2p)] ≈ E[CCSD(T)/6-31+G(d,p)] + E
[PMP2/6-311++G(3df,2p)] – E[PMP2/6-31+G(d,p)] [53].

Ehrenfest dynamics was implemented as a real-time TD-
DFT method to investigate the PES for various electronic
states [36–38]. The TD-DFT Ehrenfest dynamics is integrat-

Scheme 1. Main dissociations of (AR + 2H)2+ upon electron transfer from Cs atoms
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ed with a triple-split operator (Figure 1). The first operator
propagates the electronic TD-DFT equation in matrix form,

i
dP

dt
¼ K;P½ � ð1Þ

where P and K are the density and Kohn-Sham matrices,
respectively, in an orthonormal basis. A modified midpoint
unitary transformation (MMUT) algorithm with a time step
of Δte is implemented to integrate Equation (1) to give
Equation (2),

P tkþ1ð Þ ¼ U tkð Þ�P tk�1ð Þ�U tkð Þ ð2Þ
where the propagator U is constructed from the eigenvalue
and the eigenvectors of the Kohn-Shammatrix as (Equations 3
and 4)

C tkð Þ�K tkð Þ�C tkð Þ ¼ " tkð Þ ð3Þ

U tkð Þ ¼ exp i�2�te�K tkð Þ½ �
¼ C tkð Þ� exp i�2�te�" tkð Þ½ ��C tkð Þ ð4Þ

The second operator propagates nuclear degrees of
freedom using a velocity-Verlet algorithm with a time step
of ΔtN. A third propagator couples electronic and nuclear
degrees of freedom by recomputing the TD-DFT Hamilto-
nian every ΔtNe time step. The overall time evolution of the
TD-DFT Ehrenfest dynamics is given by ΔtN= nΔtNe and
ΔtNe= mΔte.

The dynamics calculations require initial nuclear coor-
dinates and velocity vectors for (AR + 2H)+●, which are
identical to those of vertically reduced (AR + 2H)2+. The
vectors were generated from molecular dynamics (MD)
using NAMD [54] and the CHARMM [55] set of force-

fields. A simulation was run of (AR + 2H)2+ in vacuum at
300 K for 5 ps with a time step of 2 fs. Due to the small size
of this system, equilibrium conditions were quickly reached
and the Cartesian coordinates and velocity for each atom
were averaged over the MD run. Under these conditions, the
ion had an internal kinetic energy of ca. 108 kJ mol–1; when
treated by the equipartition theorem, this corresponds to the
total vibrational kinetic energy calculated at 300 K. Note,
however, that the equipartition theorem is known to
overestimate molecular enthalpies [56]. When treated by
standard statistical thermodynamics, the (AR + 2H)2+ ion is
calculated to acquire a 108 kJ mol–1 rovibrational enthalpy
at 520 K. The averaged atomic coordinates were used to
calculate the electronic density in the vertically reduced ion,
and the averaged velocities were used as the initial
conditions for the Ehrenfest dynamics calculations. While
the resulting initial coordinates are not identical with the
optimized ground state structure, the character of the
molecular orbitals of interest is comparable to those from
the stationary point calculations (Figure 2).

The initial SOMO electron density of the vertically
reduced ion was generated by B3LYP/6-31+G(d) for the
coordinates obtained from MD. The first three excited states
from linear response TD-DFT [35] were used to determine
the LUMO (0.060 eV), LUMO + 1 (0.18 eV), and LUMO + 2
(0.52 eV) electron densities. The molecular orbital populations
of the states of interest were selected and saved using the
Population = SaveNTO keyword in Gaussian 09. Because of
the enormous computational demands of these trajectory
calculations (16,500 spin-unrestricted DFT calculations per
trajectory), we ran a single trajectory for each electronic or
vibrational state. In addition, we used the same procedure to
run Ehrenfest dynamics calculations with the CAM-B3LYP
functional and the 4-31G(d) basis set to evaluate the effect of
long range interactions in the ground and excited electronic
states.

Ehrenfest dynamics calculations with B3LYP were
carried out to 330 fs. The CAM-B3LYP dynamics calcu-
lations were run for 100 fs. Within the framework of
dynamics step-size control, the average velocity Verlet time
step was 0.1 fs. Within this time step, five steps of midpoint
Kohn-Sham and 50 steps of modified midpoint unitary
transformation (MMUT) TD-DFT propagators were used.
Each trajectory consisted of 16,500 DFT calculations. All
atoms were allowed to be fully dynamic. The total energy of
the system was conserved to within 2:94� 10�4eV:

Results and Discussion
Electron Attachment and Electronic States

Attaching an electron to the peptide dication in its
equilibrium geometry is equivalent to a vertical electron
transfer from the dication to the cation-radical potential
energy surface (PES), as realized in collisional electron transfer

Figure 1. Graphic representation of propagation steps for
electronic wave function and nuclear coordinates in the
Ehrenfest dynamics run
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experiments [57]. This initial point, which can be a Rydberg
state that crosses to a lower-lying valence state [31], lies on a
multidimensional slope of the cation-radical PES. The elec-
tronic states at this point and the corresponding wave functions
were calculated for (AR + 2H)+●with density functional theory
using the B3LYP [46] and CAM-B3LYP [48] hybrid density
functionals with the 6-31G(d) basis set. We first obtained the
electronic states for (AR + 2H)+● at the MD geometry that was
used as a starting point for the Ehrenfest dynamics calculations.

The B3LYP and CAM-B3LYP density functionals gave
very similar manifolds for the low electronic states
(Figure 2). The ground (X) state wave functions were
combinations of the ammonium 3 s-Rydberg orbital with
amide and carboxyl π* orbitals. The A states (denoted as
LUMO) were closely spaced with the X states by both
B3LYP and CAM-B3LYP and consisted mainly of guani-
dinium π* orbitals. The B states (LUMO + 1) were
combinations of ammonium 3 s and carboxyl π* orbitals. The
C states (LUMO + 2) mainly consisted of guanidinium σ*
orbitals (Figure 2). The B3LYP wave functions showed a
somewhat greater extent of delocalization than did the CAM-

B3LYP ones; however, the main features of the electronic
states and spin densities were very similar for both sets of data.

We also obtained excited electronic states with B3LYP,
CAM-B3LYP, and M06-2X TD-DFT calculations and the
larger 6-311++G(2d,p) basis set for vertical electron attach-
ment to the fully B3LYP, CAM-B3LYP, and M06-2X
optimized precursor dication structures. Again, the electronic
states gave very similar excitation energies for all three
density functionals, and consisted of the closely spaced
ground state (X) and excited states A, ΔE=0.07–0.09 eV, B,
ΔE=0.16–0.19 eV and C, ΔE=0.52–0.62 eV (Figure 3). The
DFT methods differed in wave function nodality for these
electronic states and also in the extent of electron delocal-
ization in the X state which was greatest for B3LYP and
lowest for M06-2X (Figure 3) [58]. However, the wave
functions from CAM-B3LYP and M06-2X calculations were
substantially delocalized in the excited states, as illustrated
by the A state from cam-B3LYP and the B state from M06-
2X (Figure 3). The SOMO orbital of the X state contained
contributions from the ammonium 3 s-Rydberg, and the π*
systems of the amide and arginine guanidinium groups. The

Figure 2. Molecular orbitals representing the electronic states after vertical electron attachment to (AR + 2H)2+ with averaged
MD geometry. The excitation energies are in electron volts
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next orbital describing the A state, called here LUMO, had
the greatest spin density in the guanidinium π* system. The
LUMO + 1 orbital of the B state had the spin density on one
of the terminal groups, depending on the DFT method. The
LUMO + 2 of the C state was also concentrated within the
arginine guanidinium group, but it had a σ* nodality instead
of a π* one in the other molecular orbitals. We first describe
the properties of the ground-state potential energy surface
along the coordinates pertinent for the main dissociations by
loss of H, NH3, and N–Cα bond cleavage.

Energetics of (AR + 2H)+● Cation-Radicals
in the Ground Electronic State

Following electron attachment and decay to the ground
electronic state, the charge-reduced ion was found to
undergo spontaneous isomerization by ammonium proton
migration onto the Ala amide carbonyl, forming an amino-
ketyl cation-radical (1). This reaction course was followed
by B3LYP, CAM-B3LYP, and M06-2X calculations starting
from the respective precursor dication geometries and does
not appear to be an artifact of the DFT method used. In
particular, the effects of self-electron interaction in B3LYP,
that are attenuated in CAM-B3LYP and presumably cor-
rected in M06-2X functionals, had no visible effect on the
electronic properties of our peptide cation-radical. The

vertical recombination energy (RE) of (AR + 2H)2+ was 4.9–
5.0 eV (from the respective B3-PMP2 andM06-2X single-point
calculations); the adiabatic RE was 6.2 eV which included the
exothermic isomerization, (AR + 2H)2+ → (AR + 2H)+● → 1.
Considering the Cs ionization energy (3.89 eV), the aminoketyl
cation-radical 1 receives 6.2−3.9=2.3 eV excitation energy
upon electron transfer from Cs when formed in the ground
electronic state. Because of charge reduction, conformer 1 no
longer experiences Coulomb repulsion between the Ala and
Arg moieties and can undergo a very facile Arg side-chain
rotation through TS1 (Scheme 2). This produces conformer 2
which is 28 kJ mol–1 more stable than 1 (Scheme 2, Table 1).
Cation-radical 2 can then dissociate by N–Cα bond cleavage
(TS2) to form the z ion observed experimentally.

Aminoketyl cation-radical 1 is not the only ground state
species possibly formed by electron attachment to (AR +
2H)2+. Depending on the vibrational states of the precursor
ion or charge-reduced intermediate state (see below), the
electron can end up in the guanidine group to form cation-
radical 3 which is another local energy minimum. Table 1
data show that 3 is 54 kJ mol–1 less stable than 1. Formation
of 3 necessitates bending the guanidinium group from near-
planar in (AR + 2H)2+ to puckered in 3. The ground-state
PES of cation-radical 3 was investigated to locate the
transition states for the loss of guanidine [TS(Cδ–Nε)] and
the guanidinium hydrogen atoms (TS(Nε–Hε), Scheme 3,

Figure 3. Molecular orbitals representing the electronic states in (AR + 2H)+●. The first three columns from left show fully
optimized structures. The rightmost column shows the averaged structure from the MD conformational search. The excited
state energies and wave functions are from TD-DFT calculations with the 6-311++G(2d,p) basis set
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Table 1). The loss of guanidine is energetically favored on
the ground state PES at all levels of theory. Furthermore,
RRKM calculations of the unimolecular rate constants
favored the loss of guanidine over the loss of H by a factor
of 9102 (Figure S1, Supplementary Data). However, loss of

guanidine is very minor in the electron transfer-induced
dissociation spectrum, whereas the loss of H is a major
dissociation channel [41].

The calculations indicated that the properties of the ground
electronic states of charge-reduced (AR + 2H)+●, as repre-

+

1 (0) 

N-30
C-27

C-24

C-21 +

1.738

+

1.743

1.625 +

z1

+

1.720

2 (-28) 

TS(rot) ETS= 11 kJ mol-1

TS(N---Cα) ETS= 25 kJ mol-1

Scheme 2. Reaction scheme for isomerizations and dissociations of (AR + 2H)+●. The TS(rot) and TS(N–Cα) energies are from
effective CCSD(T)/6-311++G(3df,2p) single point energies relative to the respective reactants 1 and 2 and include the zero-
point energies. The atoms are color-coded as follows: green= C, red = O, blue = N, gray = H

Table 1. Relative energies of (AR + 2H)+● Cation-Radicals

Relative energya,b

B3LYP B3-PMP2c CAM-B3LYPd M06-2Xd MP2 CCSD(T)e

Species/reaction 6-31+G(d,p) 6-311++G(2d,p) 6-311++G(3df,2p)

1 → 2 –30 –28 –26 –29 –27 –28
1 → 3 54 49 57 63 51 54
TS(1 → 2) 10 10 - 11 10 11
2 → TS(N–Cα) 5 5 20 18 8 25
3 → TS(Nε–Hε) 83 75 87 85 70 86
3 → (AR + H)+ (4) + Hε

● 83 61 79 71 49 67
3 → (AR + H)+ (5) + Hξ

● 102 78 98 86 - -
3 → (AR + H)+ (6) + Hϕ

● 105 82 103 91 - -
3 → (AR + H)+ (7) + Hφ

● 105 81 103 88 - -
3 → TS(Cδ–Nε) 51 57 73 72 68 73
3 → 8 + guanidine –6 –4 3 14 9 13

a In units of kJ mol–1.
b Including zero-point vibrational energy corrections.
c From averaged B3LYP and spin-projected MP2 single point energies.
d From single-point energy calculations on fully optimized geometries.
e From single-point energies on B3LYP/6-31+G(d,p) optimized geometries and by extrapolation: E[CCSD(T)/6-311++G(3df,2p)]≈E[CCSD(T)/6-31+G(d,p)]
+ E[PMP2/6-311++G(3df,2p)] – E[PMP2/6-31+G(d,p)].
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sented by Structures 1 and 3, cannot fully explain the peptide
cation-radical dissociations. The spontaneous isomerization to
1 hampers loss of ammonia from the N-terminus, which is a
major dissociation [41, 59]. The guanidinium radical 3 is
predicted to eliminate guanidine, not an H atom, again
contradicting the experimental data.

Ehrenfest Dynamics of the Ground and Excited
Electronic States of (AR + 2H)+●

Ehrenfest dynamics of the excited states was first run with
the initial nuclear kinetic energy set to zero. In each case, the
principal reaction revealed by B3LYP calculations was
proton transfer from the N-terminal ammonium to the amide
carbonyl oxygen forming an aminoketyl radical (1). Figure 4
shows that the ammonium N–H bond of the migrating
proton was elongated to 1.8Å within 60 fs, which
corresponds to ca. five vibrational periods for this bond in
the ion. Upon migration, the H atom first overshoots its
equilibrium distance from the amine N atom due to
hydrogen bonding in 1 and continues to oscillate, while
establishing a resonance with the N–Cα bond stretch. The
hydrogen atom will eventually attain its equilibrium position
while its kinetic energy is dissipated into the other internal
degrees of freedom of 1. This was further corroborated by
examining the rotation of the remote Arg side chain which
requires only 11 kJ mol–1 in the transition state to form a

more stable H-bonded conformer 2, ΔH0(1 → 2)=−28 kJ
mol–1 (Table 1, Scheme 2). The N-30-C-27–C-24-C-21
dihedral angle (θ) for the side-chain rotation oscillates between
165-180° within 330 fs but does not reach the transition state
geometry of θ=129° (Scheme 2). It is worth noting that even
with full internal energy relaxation in 1, the RRKM
calculated rate constant for the rotation, k=2.5×1010 s–1,
indicates that the isomerization would not occur on the
330 fs time scale.

The final result of the dynamics calculations is equivalent
to that produced by a gradient optimization of the vertically
reduced radical cation using the standard algorithm and
regardless of the type of the DFT method (B3LYP, CAM-
B3LYP, or M06-2X), as discussed above. This confirms that
the Ehrenfest dynamics can reproduce the results from
conventional computational methods by correctly evaluating
the intramolecular electron transfer from the initial excited
state to the ground state PES. The potential energy drop due
to the electron transfer from Cs (5.03−3.89 eV=1.14 eV=
110 kJ mol–1), combined with proton migration and side
chain rotation (110+104+28=242 kJ mol–1), is eventually
converted to the vibrational energy of the aminoketyl
intermediate 2 to drive N–Cα bond cleavage which requires
an activation energy of 25 kJ mol–1 (CCSD(T) data, Table 1)
and leads to the z1 ion seen in the mass spectrum [41].
RRKM calculations on the CCSD(T) ground state potential
energy surface indicate unimolecular rate constants for the

1.657

3

+
1.644

1.648

H

TS(Nε---Hε) ETS= 86 kJ mol-1 TS(Cδ---Nε) ETS= 73 kJ mol-1

1.626

1.904

+
1.644

+
1.662

-H

4
8

Scheme 3. Reaction scheme for dissociations of cation-radical 3. The TS(Nε–Hε) and TS(Cδ–Nε) energies are from effective
CCSD(T)/6-311++G(3df,2p) single point energies relative to 3 and include the zero-point energies. The atoms are color-coded
as follows: green= C, red = O, blue = N, gray = H
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N–Cα bond cleavage in 2 to be 1010≤k≤1011 s–1

corresponding to ion lifetimes of 10–100 ps over a broad
range of internal energies (Figure S2, Supplementary Data).
Referring to the experimental data [41], resonant electron
transfer from a Cs atom (IE=3.894 eV) to the (AR + 2H)2+

ion having vertical recombination energies of 5.03–5.07 eV
(ref. [41]) is estimated to occur at a collisional cross section
of 5×10–14 cm2 [43]. This would deposit 242 kJ mol–1 in 2
and promote N–Cα bond cleavage with k=4.7×1010 s–1

(Figure S2). Thus the expected ion lifetime (t=1/k=2.1×
10-11 s) is substantially longer than what can be currently
modeled with Eherenfest dynamics (3.3×10–13 s), but
substantially shorter than the experimental time scale
(5 μs) [41].

In the second set of trajectories, thermal internal
velocities were included in the (AR + 2H)2+ ion. This
resulted in different reaction pathways after the initial
electron attachment in different molecular orbitals. Attach-
ment of the electron in the SOMO resulted in a dissociation
of the N-terminal ammonium group within 330 fs. This
pathway represents the major dissociation promoted by
electron attachment and is consistent with previous 15N
labeling studies that identified the ammonia molecule as

originating mainly from the N-terminal amino group [59].
Hence, inclusion of thermal energy resulted in a dynamic
instability of the vertically reduced 1 which dissociated
spontaneously during a few molecular vibrations.

Ehrenfest dynamics calculations on the SOMO electronic
state using the CAM-B3LYP functional yielded similar
results. Figure S3 (Supplemental Data) shows that electron
attachment to (AR + 2H)2+ causes local excitation of the
H3N–Cα bond which undergoes one vibration with a 60 fs
period before complete dissociation and NH3 molecule
departure. This indicates that long-range self-electron inter-
actions in B3LYP did not affect the results, presumably
because the electron reorganization was mainly localized
within the H3NCH(CH3)CONH group. There was a slight
difference in the B3LYP and CAM-B3LYP dissociation
dynamics in that the former proceeded to a faster H3N–Cα

bond dissociation, as shown by comparing the time-
dependent data in Figure 2 and Figure S3. These differences
presumably reflect the different B3LYP and CAM-B3LYP
force constants for the H3N–Cα stretching mode and the
H3N-Cα–C=O torsional mode. Loss ammonia in the ground
electronic state is facilitated by rotation about the H3N-Cα–
C=O bond to reach the low-lying transition state [60].

Figure 4. Ehrenfest dynamics trajectories for H atom migration and loss of ammonia starting from the SOMO (X) state
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Previous ground state calculations indicated that the
elimination of ammonia was substantially exothermic,
required a very low transition state, and produced an ion-
molecule complex that was 9200 kJ mol–1 below the
reactant [29]. Because of the enormous exothermicity of
the dissociation, the evolution along the reaction coordinate
in the first 100 fs clearly involves or leads to a point of no
return, where the system continues to move on the steeply
descending potential energy surface to eventually dissociate.
It would be very interesting to investigate the entire
development on a longer time scale of ca. 10–100 ps to
establish the dynamics of the ammonia departure or
complexation by hydrogen bonding with the fragment ion,
as well as the exothermic and presumably concurrent folding
of the peptide fragment, analogous to that shown for ion 1 in
Scheme 2. Unfortunately, the Ehrenfest dynamics calcula-
tions reported here are at the limit of the current technology,
and longer trajectories cannot be studied.

LUMO Initial State

Electron attachment in the LUMO localizes the electron in
the arginine guanidinium group. Dynamics calculations at
initial thermal kinetic energies indicate that electron attach-
ment to the LUMO initiates an umbrella vibration of the

guanidinium central carbon, out-of-plane relative to the
surrounding nitrogen atoms. Over the course of 330 fs, this
oscillation goes through two full 103 and 130 fs periods
(Figure 5). Converting these periods to energy values by
E Jmol�1ð Þ ¼ hNA

t yields E=605 Jmol–1 and 488 Jmol–1,
respectively. There exists a local minimum (3) where the Nε-
Nη1-Nη2-Cδ dihedral is puckered to 27.8° and calculated to
be −640 Jmol–1 relative to the vertically attached cation-
radical structure. Thus, the period of the out-of-plane
vibration closely corresponds to that predicted for the energy
gap between the vertically reduced structure and the
puckered local minimum. From the puckered local mini-
mum, the activation energy for cleavage of the Nε–Cδ bond
(TS(Cδ–Nε)) has been calculated to be 73 kJ mol–1. This is
much greater than the available kinetic energy in the LUMO
state according to our simulations, which explains why we
do not see loss of the neutral guanidine fragment from the
arginine residue. However, our dynamics calculations do
show that the radical site can be sequestered on the arginine
side-chain in the LUMO state, which inhibits competing
reaction pathways that have lower activation barriers from
occurring on the short time scale.

Ehrenfest dynamics calculations starting from the LUMO
state and using CAM-B3LYP gave results, which were
completely analogous to those from B3LYP. This indicates

Figure 5. Dynamics trajectory for guanidinium umbrella vibrations starting from the LUMO (A) and LUMO+1 (B) states
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that long-range self-electron interactions in B3LYP did not
affect the results, presumably because the electron reorgani-
zation was mainly localized within the guanidinium group.
Snapshots of the LUMO state trajectory at 0, 20, 45, and
100 fs (Figure S4, Supplementary Material) and the changes
in the guanidinium group dihedral angle (θ) show its
puckering as a result of electron attachment and formation
of a guanidinium radical.

LUMO+1 Initial State

Dynamics calculations beginning from the LUMO+1 state
did not show any significant chemical reactivity on the
330 fs time scale (Figure 5). Monitoring Mulliken spin
densities on diagnostic atoms showed a rapid oscillation
(G4 fs period) of spin density between the backbone atoms
and a gradual migration of spin density to the arginine side-
chain. The rapid oscillation arises from the coherence of
multiple excited states, which has been seen in other work
[61, 62]. Ehrenfest dynamics calculations starting from the
LUMO+1 state and using CAM-B3LYP/4-31G(d) gave
results that were analogous but not identical to those
describing the LUMO state. Figure S5 (Supplementary
Material) shows the puckering and stretching vibrations of
the guanidine groups that change the dihedral angle (θ) as
well as the H2N–C bond lengths in the LUMO+1 state. The
stretching vibrations were much less pronounced in the

LUMO state, indicating that it and the LUMO+1 state did
not coalesce to a common state during the 100 fs long
trajectory.

LUMO+2 Initial State

Attachment of the electron to the LUMO + 2 orbital resulted
in rapid ejection of Hε from the arginine guanidinium group
(Figure 6). Dissociation of the Hε–Nε bond requires 86+54=
140 kJ mol–1 on the ground PES relative to 1 (Table 1),
which makes it noncompetitive with the other dissociations.
However, when starting from the LUMO + 2 state, the
guanidinium hydrogen atom is almost immediately ejected.
Ehrenfest dynamics calculations starting from the LUMO +
2 state and using CAM-B3LYP showed initial excitation of
the Hε–Nε bond, which was analogous to the result from
B3LYP. This indicated that long-range self-electron inter-
actions in B3LYP did not affect the results, presumably
because the electron reorganization was mainly localized
within the guanidinium group. Figure S6, (Supplementary
Material) shows the progress of the Hε–Nε bond dissociation
after 10 fs as obtained by CAM-B3LYP Ehrenfest dynamics.
There was slight difference between the B3LYP and CAM-
B3LYP trajectory in that, according to the latter, the Hε–Nε

bond underwent a vibration before rupture. Note that the
LUMO + 2 state is ca. 104+50=154 kJ mol-1 above 1, and
154–140=14 kJ mol–1 above TS(Hε–Nε), so that the

Figure 6. Dynamics trajectory for Hε–Nε bond cleavage starting from the LUMO+2 (C) state

456 C. L. Moss et al.: The Early Life of a Peptide Cation-Radical



dissociation originating from the LUMO + 2 state is
thermodynamically favorable. The B3LYP Ehrenfest
dynamics calculations indicate that after 15 fs Hε has
passed 1.5Å distance from Nε, traveling at the velocity
of 1.69 × 1013 bohr/s corresponding to a kinetic energy release
of Ekin=0.0043 eV. The repulsive potential energy surface of
the LUMO + 2 state along the Hε–Nε coordinate is explained
by the nature of the LUMO + 2 state wave function, which is
represented by an antibonding σ* orbital intersecting the
guanidinium N–H bonds. Thus, the calculations indicate that
the loss of Hεis made possible in an excited state of 1 prior to
vibrational relaxation. It is interesting to note that among the
losses of various guanidinium hydrogen atoms, the loss of Hε

has the lowest threshold energy to give ion 4 (86 kJ mol–1

relative to 3, Table 1). Losses of the other guanidinium
hydrogen atoms are more endothermic to give tautomeric ions
5–7 (Table 1).

In conclusion, Ehrenfest dynamics calculations allow us
to interpret the ExD experimental data and illustrate how
excited states contribute to electron-based dissociations. We
have shown that at low internal energies, the Ehrenfest
dynamics can produce results that are analogous to those
from conventional Born-Oppenhemier models, namely pre-
dicting isomerization to an aminoketyl radical which is a
local energy minimum. This result was obtained by
calculations using three different density functionals, includ-
ing those that account for long-range self-electron interac-
tions. At higher internal energies, decay from the ground
electronic state proceeds by dissociation along the reaction
pathway with the lowest activation energy, which is also in
agreement with conventional, stationary points seeking
methods. However, the Ehrenfest dynamics showed that
when an electron is attached to an excited electronic state,
the system can follow state-selective reaction pathways that
would not be favored on the ground state PES. The predicted
pathway for loss of H from the LUMO + 2 state qualitatively
explains its occurrence in the experimental spectrum. The
LUMO and LUMO + 1 states are no reactive on the short
time scale of these calculations. The LUMO + 1 state
indicates formation of a guanidinium radical which is a local
energy minimum. At sufficient internal vibrational energy
this state is expected to dissociate by loss of guanidine,
which is not observed experimentally. These results indicate
that the dissociation pathways of peptide cation-radicals
upon electron attachment are governed by the population of
particular valence electronic states. Some states, such as the
LUMO + 2 have distinct reactivity, others can non-
adiabatically cross to the ground state or other low-energy
states. The crossings are facilitated by the close energy
spacing of these states, even in a small dipeptide cation-
radicals studied here and more so in larger peptides [34, 43].
This is of interest not only because of the unusual
contribution from the excited state electronic structure, but
because it provides a strong theoretical foundation for
interpreting ExD mass spectra using the excited states
accessed by vertical electron attachment. If the most

abundant fragments in a spectrum can be determined from
the character of excited states, this will provide a roadmap
for predicting peptide backbone cleavages using TD-DFT.
This would provide a useful tool for confirming amino acid
sequence and peptide secondary structure using mass
spectrometry.

A final note concerns the internal vibrational energy
redistribution (IVR) in charge-reduced (AR + 2H)+●. The
dynamics calculations indicate that the LUMO + 2 state is
weakly bound or repulsive along the Nε–Hε coordinate, and
the loss of Hε proceeds at a rate which is faster than IVR.
The loss of ammonia from vibrationally excited (AR + 2H)+●

occurs within 100 fs, which is also faster than IVR. In contrast,
the N–Cα bond dissociation does not show a significant
progress in 330 fs and, according to RRKM calculations,
proceeds after substantial randomization of the vibrational
energy in the aminoketyl radical 2.
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