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I. INTRODUCTION

Despite its apparent simplicity, molecular oxygen possesses a
unique electronic configuration with a singlet excited state
(O2[a

1Δg], the lowest electronically excited state, commonly
called singlet oxygen) lying above its triplet ground state
(O2[X

3Σg]).
1 1O2 has a characteristic chemistry in which mol-

ecules are oxygenated,2�7 setting it apart from ground-state O2

which, because of two unpaired parallel-spin electrons, does not
react with most molecules unless activated by additional energy.
1O2 can be generated in biological systems by energy transfer to
ground-state O2 from protein-bound or other chromophores on
exposure to UV and visible light (vide infra), and by a range of
enzymatic and nonenzymatic reactions including those mediated
by heme proteins, lipoxygenases, activated leukocytes, and
radical termination reactions.8 Consequently, 1O2-mediated
oxygenation reactions are involved in the progression of cell
death, aging and diseases (e.g., cataract, sunburn, and some skin
cancers),8�10 and in photodynamic therapy where 1O2 is used to
kill cancer cells.11 Proteins are the major target for 1O2-mediated
oxidative damage due to their high abundance in living bodies.
Cysteine (Cys) and tryptophan (Trp) are two of five amino acids
that are most susceptible to oxidative damage by 1O2 because
these residues have electron-rich side chains and thus are favored

by electrophilic oxidizers.8,10,12 In fact, because it is prone to
oxidation, Cys is rarely present as a free residue at surface-
exposed parts of a protein,13 and oxidation of Cys by 1O2 often
yield disulfide formation such as the dimeric product cystine.14

In addition to biological milieu, amino acids (including free
amino acids as well as peptides and proteins) are ubiquitous in
tropospheric particles and depositions, and undergo transforma-
tions due to photochemically formed reactive oxygen species
including 1O2.

15�17 Cys and Trp are particularly easily decom-
posed in the atmosphere.18,19 For instance, calculated half-lives
for Cys and Trp range from seconds to minutes in typical
wintertime, midday fog drops in Davis, the northern portion of
California's Central Valley.16 Consequently, Cys and Trp were
found less commonly, or at lower concentration, in the atmo-
spheric aerosols.18

Because of these biological and photochemical implications,
there has been considerable interest in studying 1O2-mediated
oxidation of Cys and Trp.14,20�32 Most experiments were carried
out in solution, and reaction products were identified using
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ABSTRACT:We report a study on the reactions of protonated
cysteine (CysH+) and tryptophan (TrpH+) with the lowest
electronically excited state of molecular oxygen (O2, a

1Δg),
including the measurement of the effects of collision energy
(Ecol) on reaction cross sections over the center-of-mass Ecol
range of 0.05 to 1.0 eV. Electronic structure calculations were
used to examine properties of complexes, transition states and
products that might be important along the reaction coordinate.
For CysH+ + 1O2, the product channel corresponds to C

R�Cβ

bond rupture of a hydroperoxide intermediate CysOOH+ accompanied by intramolecular H atom transfer, and subsequent
dissociation to H2NCHCO2H

+, CH3SH and ground triplet state O2. The reaction is driven by the electronic excitation energy of
1O2, the so-called dissociative excitation energy transfer. Quasi-classical direct dynamics trajectory simulations were calculated for
CysH+ + 1O2 at Ecol = 0.2 and 0.3 eV, using the B3LYP/6�21G method. Most trajectories formed intermediate complexes with
significant lifetime, implying the importance of complex formation at the early stage of the reaction. Dissociative excitation energy
transfer was also observed in the reaction of TrpH+ with 1O2, leading to dissociation of a TrpOOH+ intermediate. In contrast to
CysOOH+, TrpOOH+ dissociates into a glycine molecule and charged indole side chain in addition to ground-state O2 because this
product charge state is energetically favorable. The reactions of CysH+ + 1O2 and TrpH

+ + 1O2 present similar Ecol dependence, i.e.,
strongly suppressed by collision energy and becoming negligible at Ecol > 0.5 eV. This is consistent with a complex-mediated
mechanismwhere a long-lived complex is critical for converting the electronic energy of 1O2 to the form of internal energy needed to
drive complex dissociation.
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chromatographic and spectrometric methods. In these experi-
ments, ultraviolet or visible light in a specific wavelength region
was used to create an excited state of a given molecule, a so-called
photosensitizer, which in turn transferred its excitation energy to
ground-state O2 to generate 1O2.

1 Giving the complexities of
photosensitized oxidation reactions (e.g., pH, oxygen concentra-
tion, solvent composition, combination of light and sensitizers,
competition between radical- and 1O2-mediated reactions),7 to
unambiguously determine reaction mechanisms requires multi-
ple sets of control experiments and can be a difficult endeavor.
Consequently, several aspects of Cys and Trp oxidation includ-
ing mechanisms, products and intermediates involved have yet to
be fully characterized.12 To circumvent the problems associated
with solution-phase photooxidation experiments, our approach
has been to study the reactions of protonated amino acids with
chemically generated “clean” 1O2 in the gas phase,33,34 using
electrospray-ionization (ESI)35,36 and guided-ion-beam scatter-
ing methods.37 To supplement our gas-phase experiment and
help unravel the reaction mechanism, electronic structure calcu-
lations were used to find complexes, transition states and
products along the reaction coordinate, and direct dynamics
trajectory simulations were used to provide additional mechan-
istic insights. Compared to the study of 1O2 reactions in solution,
much less is known about the ion-chemistry with 1O2 in the
gas phase.33,34,38�50 Note that most of recent ion�molecule
reaction studies involving 1O2 were reported by Viggiano and co-
workers,44�50 and were concentrating on the reactions of small
negative ions with 1O2 which are more relevant to ionospheric
chemistry.

The remainder of the paper is organized as follows. Section II
describes the guided-ion-beam scattering methods used to
measure the gas-phase reactions of protonated cysteine
(CysH+) and tryptophan (TrpH+) with 1O2, and the electronic
structure and quasi-classical trajectory methods used to investi-
gate their reaction dynamics. Reaction results are presented in
section III, starting with the products and cross sections of
CysH+ and TrpH+ with 1O2, and comparison with solution-
phase photooxidation results, proceeding to the construction of
the reaction coordinate for CysH+ + 1O2 and TrpH

+ + 1O2 using
density functional theory calculations, and finally to the analysis
of dynamics trajectory results of CysH+ + 1O2. Conclusions are
presented in section IV.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental Procedures. The guided-ion-beam tandem
mass spectrometer used in this study has been described in detail
previously,33,34,51,52 along with the operation, calibration and
data analysis procedures. The apparatus consists of an ion source,
radio frequency (rf) hexapole ion guide, quadrupole mass filter, rf
octopole ion guide surrounded by a scattering cell, second
quadrupole mass filter, and a pulse-counting detector. Both
quadrupole mass filters use Extrel 9.5 mm trifilter rods, which
were operated at 2.1MHz to cover a mass/charge (m/z) range of
1�500.
Sample solution was prepared inHPLC grademethanol/water

(1:1 volume ratio) containing 0.5 mM L-cysteine hydrochloride
(g99.0%, Fluka), or a mixture of 0.5 mM L-Trp (99%, Acros)
and hydrochloric acid (Riedel-de Ha€en). The solution was
sprayed into the ambient atmosphere through an electrospray
needle at a flow rate of 0.04 mL/h, and the electrospray needle
was held at 3000 V relative to ground. Positively charged droplets

formed from electrospray were fed into a heated desolvation
capillary assembly. The capillary was biased at 70 V relative to
ground and heated to 170�180 �C. Charged liquid droplets and
solvated ions underwent continuous desolvation as they passed
through the heated capillary, converting to gas-phase ions and
transported into the source chamber. A skimmer was located 2.5
mm from the end of the capillary, separating the source chamber
and the hexapole ion guide. The skimmer was biased at 10 V
relative to ground, and the electric field between the capillary and
skimmer helped remove remaining solvent molecules attached to
ions by collision-induced desolvation. Ions emerging from the
skimmer were passed into a rf hexapole ion guide at a pressure of
20�30 mTorr, resulting in collisional focusing and thermaliza-
tion of internal and translational energies of ions.53�55 As
characterized by a collision-induced dissociation experiment,33

the internal energy of primary ions could be well described by a
Maxwell�Boltzmann distribution at∼310 K. Ions subsequently
passed into the first quadrupole mass filter for mass selection.
Mass-selected ions (CysH+ or TrpH+) were focused into an
octopole ion guide that traps ions radially. The octopole passes
through a scattering cell filled with neutral reactant gas. The cell
pressure was measured by a capacitance manometer (MKS
Baratron 690 head and 670 signal conditioner). The ion guide
minimizes losses of the reactant and product ions resulting from
scattering. After passing through the scattering cell, any product
ions and the remaining protonated amino acids drifted to the end
of the octopole where they were mass analyzed and counted
using an electron multiplier.
The initial kinetic energy of the primary ion beam was

determined using a retarding potential analysis (RPA),56 i.e.,
the intensity of the primary ion beam was measured while
sweeping the DC bias voltage applied to the octopole. The
derivative of the onset energy was fit to a Gaussian distribution.
The center of the fit defines the initial kinetic energy of the
primary ion beam, and the full width at half-maximum (fwhm) of
the distribution describes the kinetic energy spread. The DC bias
voltage also allowed control of the kinetic energy (ELab) of ions in
the laboratory frame. ELab is converted into the collision energy
(Ecol) between ions and reactant gas molecules in the center-
of-mass frame using Ecol = ELab�mneutral/(mion +mneutral), where
mneutral and mion are the masses of neutral and ionic reactants,
respectively.
The ion beam intensities of CysH+ and TrpH+ were typically

4 � 105 and 5 � 105 ion/sec, respectively, and constant within
10%. Their initial kinetic energies were between 1.1 and 1.2 eV,
and the energy spreads were around 0.4 eV which corresponds to
an energy spread of ∼0.1 eV in the center-of-mass frame for the
collision of CysH+ (or TrpH+) with 1O2. Reaction cross sections
were calculated from the ratio of product and reactant ion
intensities, 1O2 pressure, and the calibrated effective length of
the scattering cell, using a Beer0s Law relationship.57

1O2 was generated in a chemical generator using the following
reaction58,59

H2O2 þ Cl2 þ 2KOH

f O2ðX3∑ �
g and a1ΔgÞ þ 2KCl þ 2H2O ð1Þ

This 1O2 generation technique was used to create oxy-
gen�iodine lasers60 and was introduced to ion�molecule reac-
tions with 1O2 by Viggiano and co-workers.45,46,48�50 We
adopted Viggiano et al.'s procedure with small modifications.34
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In the experiment, 20 mL of 35 wt %H2O2 (Acros Organics) was
very slowly mixed with 13 mL of 8.0 M KOH (>85%, Fisher)
solution in a sparger that was immersed in a cold bath maintained
at �19 �C. The resulting solution was held at �20 �C to lower
the vapor pressure of the solution and prevent decomposition of
H2O2, and was degassed before the reaction. A continuous flow
of He (research grade, T.W. Smith) was introduced to the slushy
H2O2/KOHmixture at a flow rate of 50 sccm to prevent freezing
of the mixture at the exit of the fritted gas aerator inside the
sparger. Cl2 (g99.5%, Sigma-Aldrich) was then added at a flow
rate of 2�3 sccm. Cl2 was mixed with He in a gas proportioner
(Matheson model 7300) before bubbling through the H2O2/
KOH solution. All the Cl2 reacted to form ground-state and
excited O2.

46 The resulting gas mixture passed through a cold
trap kept at �70 �C to remove the water vapor. Only ground-
state O2, O2(a

1Δg) and He remained in the downstream gas flow
and were introduced to ion�molecule collisions. Compared to
the microwave discharge 1O2 generator we used previously,

33 the
chemical generator eliminated the O atom and ozone contami-
nants and produced a high yield of 1O2. Before leaking into the
scattering cell, the gases flowed through an emission cell to detect
the emission of O2 (a

1ΔgfX3Σg
�, ν = 0�0) at 1270 nm.61 The

emission detection scheme has been described in a previous
paper.34 In brief, the emission cell was continuously pumped
through a pressure control valve to maintain a pressure at 15
Torr. This pressure was chosen to reduce the residence time and
hence, the wall quenching of 1O2 inside the cold trap, gas tubing,
and emission cell. Emission from the cell was collected by a
plano-convex BK7 lens (f = 30 mm), and passed through an
optical chopper (SRS model SR540) and a 0.5 nm bandwidth
interference filter centered at 1270 nm (Andover, blocked to 1.55
μm). The chopped emission was focused by another plano-
convex BK7 lens (f = 50 mm) into a thermoelectrically cooled
InGaAs detector (Newport model 71887 detector and 77055
TE-cooler controller), and the signal was measured by a lock-in
amplifier (SRS model SR830). Our detection system has not
been calibrated, so we could not determine the absolute emission
intensity. Since we adopted a very similar 1O2 production
procedure as Viggiano et al.'s, we assumed the maximum emis-
sion intensity detected corresponds to a 15% 1O2 yield in the total
oxygen flow as reported by Viggiano et al.45,47,50 Since the
emission intensity linearly depends on 1O2 concentration, the
change of the 1O2 yield during the experiment could bemonitored
bymeasuring the emission. 1O2 pressure in the scattering cell is the
product of the total gas pressure in the scattering cell, the percent
of Cl2 (assuming Cl2 completely converted to O2

46) in the Cl2 /
He flow, and the 1O2 yield in the oxygen product. To check how
reliable our determination of 1O2 pressure in the scattering cell
was, we measured the reaction cross section (σChem_O2) of
protonated tyrosine + 1O2 using the same procedure just de-
scribed, then compared it to our previousmeasurement (σMW_O2)
which used a microwave discharge method to generate 1O2, and
the 1O2 yield was estimated using the specific energy deposition
per molecule during the discharge. A good agreement was found
(i.e., (σChem_O2 � σMW_O2)/σChem_O2 is within ∼35%), taking
into account the combined errors in two experiments.
The collision cross section (σcollision), taken as the greater of

the ion-induced dipole capture cross section (σcapture)
62 and

hard-sphere collision cross section (σhard-sphere), is about 44�95
Å2 for CysH+ +O2, and 60�95 Å2 for TrpH+ +O2 in the studied
Ecol range of 0.05�1.0 eV. σhard-sphere is calculated from the
orientation-averaged contact radii of protonated amino acid and

O2, and exceeds σcapture for CysH
+ + O2 at Ecol > 0.2 eV, and that

for TrpH+ + O2 at Ecol > 0.1 eV. The pressure of O2/He in the
scattering cell was maintained at 0.3�0.4 mTorr, which con-
tained ∼5% of O2. This pressure range was chosen to provide
reasonable intensities of product ions, while keeping multiple-
collision effects to a minimum level. In this range of pressure, the
probability of CysH+ and TrpH+ undergoing a single-collision
with O2 is <3%, and that of double collisions is <0.1%. Note that
CysH+ and TrpH+ also collided with He gas within the scattering
cell, with a single-collision probability of 15�20%, and a double-
collision probability of 3�6%. However, the light neutral-heavy
ion combinationmakes these collisions insignificant compared to
those with O2.
Because the signals we measured are small, it is important to

minimize systematic variation in experimental conditions that
might be caused by drifting potentials, changes in ion beam
intensities, 1O2 yields, etc. The intensity of 1O2 emission was
monitored continuously during the whole experiment, and signal
variation (controlled to be within 20%) was corrected for ion�
molecule cross section. RPA measurements of primary ions were
performed before and after each experiment to check the initial
kinetic energy of the primary ion beam. As a check on repro-
ducibility, the entire experiment was repeated several times and
each time we cycled through different collision energies. The data
presented are averages of several complete data sets. On the basis
of the reproducibility of the cross section measurements taken
over a two-month period, we estimate that the relative error is
<20%. To check the reactivity of CysH+ and TrpH+ toward
ground-state O2 and He, control experiments were performed
under the same conditions except that Cl2 was replaced by
oxygen gas at the same flow rate.
B. Computational Methods. To aid in reaction coordinate

interpretation, density functional theory (DFT) electronic struc-
ture calculations were performed at the B3LYP/6-311++G(d, p)
and B3LYP/aug-cc-pV5Z levels of theory, using Gaussian 09.63

Note that due to the mixing of open-shell and closed-shell
characteristics of 1O2, standard DFT and MP2 methods lead to
large errors in calculating the electronic excitation energy of
1O2.

64 In our calculations, the DFT energy of 1O2 was obtained
by adding the experimental excitation energy of 0.98 eV61 to the
DFT energy of ground-state O2. All geometries were optimized
by calculating force constants at every step. Vibrational frequen-
cies and zero-point energies (ZPE) were scaled by a factor of
0.955 and 0.981,65 respectively. All the transition states (TSs)
found were verified as first-order saddle points by frequency
calculations, and the vibrational mode with the imaginary
frequency corresponds to the reaction pathway. When necessary
intrinsic reaction coordinate (IRC) calculations were used to
determine which minima are connected by a particular TS. The
details of the geometries for complexes, TSs, and products are
available by request to the corresponding author.
To validate the importance of steps identified in the reaction

coordinate for CysH+ + 1O2, quasi-classical, direct dynamics
trajectory simulations were conducted. The chemical dynamics
program VENUS99 of Hase et al.66 was used to set up trajectory
initial conditions, and the Hessian-based method of Bakken
et al.67 implemented in Gaussian was used to propagate each
trajectory, with Hessians recalculated every five steps. Because
millions of gradients and Hessian evaluations were required, the
level of theory used for trajectories was necessarily modest. On
the basis of the overall level of agreement with high level
benchmark results and computational speed, we chose the
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B3LYP method with 6�21G basis set for calculating trajectories.
Trajectory integrations were performed with a step size of 0.25
amu1/2 bohr (corresponding to a step size of ∼0.68 fsec in
trajectory integrations), which conserved the total energy to
better than 10�4 Hartree. The SCF = XQC option was adopted
during trajectory integration so that a quadratically convergent
Hartree�Fock (QC-SCF) method63,68 was used in case the
usual, but much faster, first-order SCF method did not converge
within the allotted number of cycles.
The collision energy was set at 0.2 or 0.3 eV. For each collision

energy, a batch of one hundred trajectories was calculated. The
purpose of our trajectory simulations was to probe the gross
features of the collisions between CysH+ and 1O2, thus both
batches were calculated at impact parameter b = 0.1 Å, rather
than randomly sampling the b distribution. For each trajectory
batch, the initial conditions of the reactants were chosen to
mimic the conditions of our experiment. Because CysH+ ions
were thermalized in the experiment, their initial vibrational and
rotational energies were sampled from Boltzmann distributions
at 300 K. Similarly, 1O2 in the experiment was close to room
temperature, so 300 K was used for both rotational and vibra-
tional temperature for 1O2. The quasi-classical initial vibrational
state was simulated by giving each reactant atom displacement
from equilibrium and momentum appropriate to the initial
rovibrational state, with random phases for different modes.
Both CysH+ and 1O2 have zero-point energy in all vibrational
modes. Randomly oriented CysH+ and 1O2 were given relative
velocities corresponding to the simulated collision energy. All
trajectories started with an initial center-of-mass reactant separa-
tion of 7.0 Å, and were terminated either when the distance
between the final products exceeded 9.0 Å, or after 5000 steps.
The error in the energy due to the long-range potential at 7.0 Å is
less than 8 meV. Trajectories were calculated on an Intel core 2
duo and core 2 quad (3.0 GHz) based 64 bit Linux computational
cluster, and each trajectory took∼240 CPU hours. For trajectory
visualization we used the program gOpenMol.69 Analysis of
individual trajectories and statistical analysis of the trajectory
ensemble was done with programs written for this purpose, as
described previously.70�72

III. RESULTS AND DISCUSSION

A. Reaction Cross Sections. For the reaction of CysH+ (m/z
122) + 1O2, product ions were observed at m/z 74 over the
collision energy range of 0.05�0.75 eV, corresponding to a
structure of H2NCHCO2H

+. At high collision energies, product
ions were also observed at m/z 105, 76, and 18. The latter three
product ion masses correspond to the elimination of NH3, H2O
+ CO and NH4

+ from CysH+, respectively. [CysH+�NH3],
[CysH+ � (H2O + CO)] and NH4

+ are attributed to collision-
induced dissociation (CID),73�77 and were observed upon
collisions with ground-state O2 and He, too. There is no sign
of elimination involving the sulfhydryl group or H2S. Among
three CID product channels, [CysH+ � NH3] and NH4

+ are
largely dominant, while [CysH+ � (H2O + CO)] increases in
importance with increasing collision energy. Product ions of
H2NCHCO2H

+, on the other hand, were not observed with
ground-state O2 or He, and cannot be attributed to a CID
product.
The cross section of H2NCHCO2H

+ production is shown in
Figure 1 over the Ecol range from 0.05 to 0.75 eV. Also shown in
the figure is the reaction efficiency (right-hand scale), calculated

by σreaction/σcollision. Note that the absolute values of cross
sections were calculated on the basis of the assumption that
the maximum 1O2 yield from the chemical 1O2 generator is
15%;45,47,50 there may, therefore, exist uncertainty concerning
absolute cross sections. However, based on our previous experi-
ment of protonated methionine (MetH+) with 1O2, we tend to
believe that the absolute uncertainty is around (35%.34 More
importantly, this source of uncertainty would not affect the
relative cross sections, i.e., the collision energy dependence of
cross section, which is the primary interest in the study. In our ion
scattering experiments,33,34 an uncertainty of 20%was quoted for
relative cross sections. The reaction cross section of CysH+ + 1O2

is significant only at the lowest energies, and is strongly inhibited
by collision energy, becoming negligible at Ecol g 0.5 eV. The
reaction is inefficient even at the lowest Ecol. The reaction
efficiency is ∼12% at Ecol = 0.05 eV, drops to less than 1% at
Ecol = 0.2 eV. This behavior suggests that the reaction might be
mediated by a complex, with complex formation probability and/
or lifetime that are strongly suppressed by collision energy.
For the reaction of TrpH+ (m/z 205) with 1O2, product ions

were observed at m/z 130, corresponding to the formation of a
charged aromatic indole side chain. In addition, CID products
were observed at m/z 188 and 159 at high collision energies,
corresponding to the elimination of NH3 and H2O + CO from
TrpH+, respectively.73,75,77�80 These CID products were also
observed in the control experiments with ground-state O2 and
He, and therefore are not relevant to 1O2 chemistry. In contrast,
product ions ofm/z 130 were only produced with 1O2. The cross

Figure 1. Cross section for the reaction of CysH+ with 1O2, as a
function of center-of-mass collision energy. Also shown is the estimated
reaction efficiency.

Figure 2. Cross section for the reaction of TrpH+ with 1O2, as a
function of center-of-mass collision energy. Also shown is the estimated
reaction efficiency.



9902 dx.doi.org/10.1021/jp205235d |J. Phys. Chem. B 2011, 115, 9898–9909

The Journal of Physical Chemistry B ARTICLE

section for the product channel of m/z 130 is shown in Figure 2
over the center-of-mass Ecol range from 0.05 to 1.0 eV, together
with the reaction efficiency estimated as in the case of CysH++
1O2. The reaction appears to be exothermic without having any
energy barriers above the reactants. The reaction cross section
declines with Ecol, and the reaction efficiency drops from 28% at
Ecol = 0.05 eV to 6% at 0.2 eV, and to less than 1% at 0.75 eV and
greater.
Since H2NCHCO2H

+ and Trp side chain cation are the only
product ions specific to 1O2 reactions, we will focus on these two
product channels in the following discussion. Assuming that
H2NCHCO2H

+ and Trp side chain cation were produced from
unimolecular dissociation of CysH+ and TrpH+, respectively, the
dissociation energies are as follows:

Listed energetics are calculated at B3LYP/aug-cc-pV5Z for
CysH+ and B3LYP/6-311++G(d, p) for TrpH+, respectively.
We tested the effects of the basis set on CysH+ dissociation. The
extension of the basis set up to aug-cc-pV5Z lowers the dissocia-
tion energy by 0.1 eV as compared to the 6-311++G(d, p) basis
set. As will be discussed below, both reactions involve intramo-
lecular transfer of a H atom prior to (or concurring with) CR�Cβ

bond cleavage of the corresponding amino acid. For CysH+, the
intramolecular H atom transfer occurs from the ammonium
group to the Cβ atom; and for TrpH +, from the ammonium
group to the CR atom. Clearly, dissociation of CysH+ and TrpH+

must be prompted by the electronic excitation energy of 1O2. To
realize this electronic energy transfer, a strong interaction is
needed to affect the electronic property of 1O2 and thus break the
spin conservation propensity rule. Otherwise, dissociation could
not happen at low Ecol. Instead, we would have observed
endothermic collision energy dependence of the cross sections
for producing H2NCHCO2H

+ and Trp side chain cation, i.e., the
cross section rises from zero at an appearance energy near the
dissociation threshold, increases rapidly with Ecol, and eventually
approaches the hard-sphere collision cross section.81

Note that Viggiano et al. reported several examples in which the
electronic excitation energy of 1O2 can be utilized for driving

endothermic reactions, such as endothermic electron transfer with
anions O2

�, SO2
�, and HO2

�.45,47 Recently, they reported that in
the reactions of 1O2 with OH�(H2O)1,2 clusters, where the
energies for dissociating one hydroxide-water bond are of the
order of the electronic excitation energy of 1O2,

1O2 can devote its
excitation energy to dissociating OH�(H2O)1,2,

48 the so-called
dissociative excitation transfer. Their study indicated that disso-
ciative excitation transfer of 1O2 with OH�(H2O)1 is slightly
endothermic, but becomes exothermic with OH�(H2O)2.
B. Comparison with Solution-Phase Photooxidation Re-

sults. Before we discuss the reaction mechanisms of CysH+ and
TrpH+ with 1O2, it is useful to review the photooxidation results
of Cys and Trp in solution. The ease of oxidation of the S atom
makes Cys very reactive in photosensitized oxidation reactions.
Reactions involve both Type I (i.e., radical-mediated) and
Type II (i.e., 1O2-mediated) processes, and show strong pH
dependence.20�26 1O2-mediated process is important at high pH
(8 to 11), while radical-mediated process occurs at low pH (4 to
6). Cystine is the major product at both high and low pH values.
The reaction that gives rise to cystine may involve a persulfoxide
intermediate though the mechanism remains obscure. This
reaction is in fact biologically relevant because that controlled
oxidation of Cys residues and reduction of cystine residues
constitute a redox switching mechanism that controls the
structure and function of a number of key proteins.10,82 In
addition to cystine, oxidation products include oxyacids
(RSO2H and RSO3H) and other species that remain to be fully
elucidated.

1O2-meditaed photooxidation of Trp involves multiple steps
and various intermediates.14,27�32 Reaction initially yields a
dioxetane intermediate 1 across the C2�C3 double bond on
the indole side chain; alternatively, the reaction can form an
energetically more favorable intermediate 3-hydroperoxyindole-
nine 2. Subsequent C2�C3 bond cleavage of 1 yields N-
formylkynurenine 3. 2 undergoes an intramolecular addition to
form 3R-hydroperoxyhexahydropyrroloindole 4, followed by
rearrangement to 3 on warming or reduction to 3R-hydroxyhex-
ahydropyrroloindole 5. Decomposition of 5 also results in 3.
These reaction pathways are depicted in Figure 3. Different than
Cys, Trp gives rise to significant physical quenching of 1O2 in
addition to chemical reactions.83,84 These solution-phase results
provide us a guide for the construction of gas-phase reaction
coordinates in the next section.

Figure 3. Reaction paths for photooxidation of Trp in solution.
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C. Reaction Mechanisms. CysH+ and TrpH+ may exist in
various geometric conformations resulting from the flexibility of
their structures. To find the global minima of their conforma-
tional landscape, we applied a grid search method.85 Since we are
only interested in low-energy conformations, we assumed a syn-
configuration of the carboxylic acid group and a bifurcated
H2NH

+
3 3 3OdC intramolecular hydrogen bond in both CysH+

and TrpH+. Furthermore, based on literature we assumed that
the R-amino nitrogen is the most favorable protonation site for
both amino acids.79,86,87 Note that Rogalewicz et al.77 reported
the absence of immonium fragment ion (i.e., concomitant loss of
H2O +CO) in the CID of TrpH+. They rationalized the result by
a high proton affinity of the Trp amino terminus, and took this as a
manifestation that TrpH+ was initially protonated on the indole
nitrogen atom. However, this result seems in disagreement with
TrpH+ CID results of other groups.73,75,78 The suggestion of side
chain protonation also contradicts with computational studies
which confirmed protonation on theR-amino nitrogen ofTrp.79,86

We systematically rotated each of the torsion angles along the
amino acid side chain through 360� at 60� increments to generate
all possible conformations of CysH+ and TrpH+, the so-called
rotamers. Every conformation so generated was subjected to
geometry optimization at the B3LYP/6-31+G* level of theory to
derive the associated minimum energy conformations. Many of
the initial conformations were optimized to the same minimum
energy structure. These conformations were then optimized at
the B3LYP/6-311++G(d, p) level of theory. Their structures and
relative energies at 0 K (including ZPE) are summarized in
Figures 4 and 5.
Four lowest energy conformations (within 0.1 eV) were found

for each of CysH+ and TrpH+, respectively. The low-lying
conformations for CysH+, A�D in Figure 4, have strong
intramolecular CdO r NH3

+ fS charge complexation and
hydrogen bond interactions, with a distances of 2.37�2.38 Å
between the S atom and the closest H atom of the ammonium
group, and a distance of 2.01�2.14 Å between the carbonyl O
atom and the closest H atom of the ammonium group. In addition,
there exists a hydrogen bond between the carbonyl O atom and

the hydroxyl H atom with a distance of 2.38�2.39 Å. The next
group of stable conformations, with weak NH3

+ fS interactions,
lies 0.28�0.33 eV higher in energy with respect to A, and is less
likely to be populated at experimental temperature of 300 K.
According to the infrared multiphoton dissociation spectroscopy
(IRMPD) measurement by Armentrount and co-workers,88 a
mixture of conformations A�D accounts for the population of
CysH+ at room temperature.
A set of low-lying conformations of TrpH+, E�H, is depicted in

Figure 5. All conformations have the ammonium group pointing to
or located above the aromatic indole ring. These conformations are
stabilized by a hydrogen bond between the ammoniumH atom and
the carbonyl O atom, and another hydrogen bond between the
ammoniumH atom and the π-system of the indole side chain. Our
lowest energy conformations of TrpH+ are consistent with previous
calculations carried out at B3LYP/6-31G*,79 B3LYP/6-31+G*,89

andMP2/SV(P) levels of theory,90,91 and the IRMPD spectroscopy
of TrpH+ byMino et al.89 The next group of conformationswith the
ammonium group away from the indole ring has energy more than
0.30 eV higher than E.
Our subsequent calculations of the reaction coordinates forCysH+

+ 1O2 andTrpH
++1O2 focusedon the lowest energy conformations,

i.e., A for CysH+ and E for TrpH+. It is certainly possible that
interconversion between different rotamers A�D, and between
E�H might occur during collisions. However, it seems less likely
that different conformations of CysH+ and TrpH+ would signifi-
cantly alter their reaction coordinates, as confirmed in our previous
trajectory simulations of TyrH+ + 1O2

33 and MetH+ + 1O2.
34

1. CysH+ + 1O2.
1.1. Direct Sequential vs Complex-Mediated Mechanism.

As discussed above, the reaction of CysH+ + 1O2 has to be driven
by the excitation energy of 1O2. A related question arises to the
nature of energy transfer from 1O2. One can imagine two
mechanisms for dissociation of CysH+ to H2NCHCO2H

+. The
reaction of CysH+ + 1O2 could proceed in a direct sequential
mechanism as invoked in conventional CID. By this we mean an
activating collision where the excitation energy of 1O2 and a
fraction of collision energy are converted to internal energy of
CysH+, followed by unimolecular decomposition of excited
CysH+* after O2 has recoiled. However, such direct sequential
mechanism could be ruled out for CysH+ + 1O2 for several
reasons. First, a direct collision would likely show Ecol enhance-
ment rather than inhibition for an endoergic reaction (i.e.,
reaction 2), since T f Einternal conversion is helpful for over-
coming the reaction threshold as we observed in typical CID
reactions.72,81 Second, since the excitation energy of the triplet
excited state of CysH+ is calculated to be 4.17 eV, the electronic
energy transfer from 1O2 to

3CysH+ (via intersystem crossing) is
not feasible. Energy transfer from 1O2 to CysH+ may arise via
electronic to vibrational energy conversion,92 and produce
vibrationally excited CysH+* which is capable of predissociation.
But predissociation of CysH+* cannot explain the intramolecular
H atom transfer observed in our measurement. Direct CR�Cβ

bond cleavage of vibrationally excited CysH+* would most likely
produce H3NCHCO2H

+ (m/z 75) + CH2SH or H3NCHCO2H
+ CH2SH

+ (m/z 47). These two pairs of products only differ in
the charge states. Their thresholds amount to 3.5 and 3.8 eV,
respectively, too far above the 1O2 excitation energy. As a result,
only CID product ions of CysH+, i.e.,m/z 105, 76, and 18, would
be expected for the direct sequential process should it occur.
The alternative reaction mechanism for CysH+ + 1O2 involves

formation of a complex between CysH+ and 1O2, and the

Figure 4. Low-lying conformations of CysH+ calculated at B3LYP/6-
311++G(d, p). Their relative energies at 0 K (eV, including ZPE) are
indicated in parentheses. The distances are shown in angstroms.

Figure 5. Low-lying conformations of TrpH+ calculated at B3LYP/6-
311++G(d, p). Their relative energies at 0 K (eV, including ZPE) are
indicated in parentheses.
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electronic energy of 1O2 converts into whatever form of internal
energy needed for dissociating the complex. The dissociation
must be concerted; i.e., O2 must remain in close proximity to
CysH+ as CysH+ dissociates; in the meantime, strong spin�
orbital coupling within the complex could “catalyze” access to the
triplet channel with no activation energy in excess of the
asymptotic energy for the products. A similar concerted mechan-
ism has been reported for a spin-forbiddenCID reaction of NO2

+

(1Σg
+) + XefNO+(1Σg) + O(3P) + Xe.72 A complex-mediated

mechanism is reasonable for a system like CysH+ + 1O2, since the
number of degrees of freedom is large and the interaction between
CysH+ and 1O2 is strong. In addition, the observed Ecol dependence
for CysH+ + 1O2 is consistent with a complex-mediatedmechanism.
A final point in this regard is that production of H2NCHCO2H

+ +
CH3SH requires intramolecular H atom transfer—further evidence
that reinforces a complex-mediated mechanism.
1.2. Reaction Coordinate. DFT calculation results for the

complex-mediated reaction coordinate of CysH+ + 1O2 are
summarized in Figure 6, with the reactants shown at zero energy.
Energetics are derived from a combination of B3LYP/6-311+
+G(d, p), B3LYP/aug-cc-pV5Z results and the experimental
value of 1O2 excitation energy. One weakly bound complex (RC)
and one covalently bound complex (hydroperoxide_1) were
identified. Complex RC can be characterized as a reactant-like
complex, formed by electrostatic interaction and ionic hydrogen
bond. This complex has O2 moiety sandwiched between the
NH3

+ group and the S atom of CysH+, with distances of 2.31 and
2.10 Å for S 3 3 3O�O and O�O 3 3 3HNH2

+, respectively. The
binding energy of RC is 0.78 eV with respect to the reactants.
Because no rearrangement is needed to form a reactant-like
complex from the reactants, it is less likely to have significant
barriers inhibiting the formation of this complex. This was
verified in a relaxed potential energy surface (PES) scan running
along the dissociation of RC back to the reactants, as well as the
direct dynamics trajectory simulations discussed below. Because
of a lack of directional covalent bonds between CysH+ and O2,
complex RC does not have a well-defined geometry at the energies
available in our experiment, and is rather floppy with a large
amplitude of intermolecular motion. The significance of complex
RC is that it allows repeated encounters between reactants,
which may eventually lead to the formation of hydroperoxide_1.
To this extent, complex RC acts as a “precursor complex”.

Hydroperoxide_1 is a covalently bound intermediate, with a
binding energy of 1.11 eV. According to the Mulliken charge
population analysis, the �SOOH group carries most of the
positive charge (δ+ = 0.74). This is partly because the persulfoxide
group has a higher proton affinity and partly because that more
efficient hydrogen bonding and charge complexation are allowable
through a seven-membered ring of [�C�C�SOO�NH�]
formed in hydroperoxide_1. This exemplifies that an oxidation-
induced post-translational modification may change the proton-
ation site of an amino acid. A similar phenomena has been found
forMetH+ + 1O2.

34 As proved by a relaxed PES scan running along
theOHdistance ofO�O 3 3 3HNH2

+, there is no activation barrier
for interconversion between precursor complex RC and
hydroperoxide_1.
It is interesting to note that at the early stage of the reaction,

CysH+ + 1O2 shows identical behavior as that of MetH+ + 1O2.
34

Both CysH+ and MetH+ form precursor complexes upon colli-
sions with 1O2, and both of which interconvert to covalently
bound hydroperoxides. For MetH+ + 1O2, the hydroperoxide
undergoes interconversion to another hydroperoxide where the
hydroperoxide group rotates away from the amino group. The
formed hydroperoxide is followed by elimination of H2O2. The
overall reaction of MetH+ + 1O2 thus corresponds to generation of
H2O2 via transfer of two H atoms from MetH+ to 1O2, i.e., H2T
reaction. On the basis of the resemblances between CysH+ and
MetH+ (in termsof reactant structures and their complexeswith 1O2),
we had expected to observe a H2T reaction for CysH+ + 1O2.
Figure 6 shows the possible H2T reaction pathways for CysH+ +
1O2 at low collision energies. Hydroperoxide_1 may eliminate
H2O2 via concerted elimination of -OOH and the H atom of the
sulfhydryl group, producing product ion P_1 (i.e., H2NCH-
(CO2H)CH2S

+) at m/z 120; however, this H2T pathway bears
an activation barrier TS1 (0.62 eV above the reactants). Alter-
natively, hydroperoxide_1 may interconvert to hydroperoxide_2
via TS2a (0.49 eV above the reactants), which is followed by
elimination of H2O2 via TS2b (0.40 eV above hydroperoxide_2)
to form product ion P_2 (i.e., H3NCH(CO2H)CHS

+), also at
m/z 120. Nevertheless, neither of these H2T pathways can open
at low collision energies. Accordingly, no H2T products were
observed for CysH+ + 1O2.
This raises a question regarding the fate of hydroperoxide_1.

On the basis of DFT calculation results, hydroperoxide_1 may

Figure 6. Schematic reaction coordinate for CysH+ + 1O2. Energies of complexes, TSs, and products, relative to reactants, are derived from a
combination of B3LYP/6-311++G(d, p) and B3LYP/aug-cc-pV5Z results, including ZPE. The bond distances are shown in angstroms.
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dissociate, via direct cleavage of the CR�Cβ bond, to two pairs of
products which only differ in which fragment carries charge,
i.e.,NH2CHCO2H

+(m/z74) +CH2SHOOHandNH2CHCO2H+
CH2SHOOH

+ (m/z 80). Their dissociation energies are calcu-
lated to be 0.45 and 0.69 eV (without taking into account any
possible barriers above the product asymptotic limits), respec-
tively. Therefore, these dissociation channels would not occur at
low energies. Hydroperoxide_1 must seek a more energetically
favorable dissociation path to NH2CHCO2H

+.
Recently, Viggiano et al. proposed a dissociative excitation

transfer mechanism for the reactions of OH�(H2O)1,2 with
1O2,

48 where 1O2 devotes the electronic excitation energy to
dissociating OH�(H2O)1,2, and itself decays to ground-state O2.
Here we propose a similar mechanism for CysH+ + 1O2. In the
reaction, hydroperoxide_1 undergoes three-body dissociation to
H2NCHCO2H

+, CH3SH, and ground-state O2. Intramolecular
H atom transfer occurs simultaneously with dissociation of
hydroperoxide_1, transferring the H atom of �SOOH to the
Cβ atom of CysH+. Assuming all of the 1O2 excitation energy
could be used to drive the dissociation of hydroperoxide_1, the
calculated ΔHrx is 0.11 eV, as indicated by the green line in
Figure 6. This reaction endoergicity is comparable to the Ecol
broadening (∼0.1 eV) resulting from the distributions of ion
beam and target molecule velocities in our experiment. In other
words, at the lowest nominal Ecol a large fraction of collisions has
energy more than the threshold energy, and can react. As a result, the
reaction cross section generally increases with decreasing Ecol, pre-
senting “exothermic” reaction patterns. Similar Ecol dependence has
been reported for an endothermic reaction of H2CO

+ + OCS f
OCSH+ +HCO, with a threshold energy between 0.04 to 0.22 eV.93

1.3. Direct Dynamics Trajectory Simulations. Whether or
not hydroperoxide_1 is important for the reaction also hinges on
the extent to which hydroperoxide_1 forms during collisions of
CysH+ + 1O2. To explore this issue, we conducted direct
dynamics trajectory simulations for CysH+ + 1O2 at Ecol = 0.2
and 0.3 eV. The quasi-classical trajectory method we used is not
applicable to nonadiabatic collisions, i.e., it does not allow
transitions from a singlet to a triplet state. Therefore, trajectories
cannot reproduce the “spin-forbidden” dissociative excitation
transfer. However, analysis of trajectories provides information
concerning the early time dynamics where the electron spin of
the reactants remains conserved. Figures 7 and 8 illustrate
trajectories representative of nonreactive and reactive collisions
at Ecol = 0.2 eV, respectively. Both figures show changes of various
distances and potential energy during the trajectory. The CM

distance is the distance between the centers of mass of the
collision partners. Figure 7 shows a direct, nonreactive scattering,
with only one turning point in the relative motion of reactant
centers of mass; i.e., there is no sign of mediation by a complex in
this collision. The time scale of the collision is somewhat
arbitrary, but three numbers are relevant. The time between
the start of trajectory and the onset of strong interaction, which
depends on collision orientation, is around 0.25 ps. The time for
reactants approach within 5 Å is around 0.35 ps. And the time
period during which CysH+ and 1O2 are interacting strongly is
around 0.1 ps, as shown by the potential energy spike beginning
at t= 0.25 ps during the trajectory. During the trajectory, potential
energy fluctuatesdue tovibrationalmotionsof the reactants. Figure8
demonstrates a complex-forming trajectory, with similar reactants
approach time. No obvious potential barrier was observed during
the reactive collision. The r(S�O) and r(O�H) distances plotted
in the figure correspond to the lengths of S-OO and SOO-H bonds
being formed in the complex, and r(O�O) is the bond length of the
O2 moiety. The high frequency oscillations of r(S�O), r(O�H),
and r(O�O) reflect the vibrations of the reactants or products,
including ZPE. The large-amplitude, low frequency oscillations of
r(S�O) and r(O�H) reflect the interconversion between precur-
sor complex RC and covalently bond hydroperoxide_1, as shown in
the snapshots inserted in Figure 8, as well as themolecular rotations.
At Ecol = 0.2 eV and b = 0.1 Å, roughly 55% of all trajectories

formed complexes (either precursor complex RC or hydro-
peroxide_1), and the remaining trajectories belong to direct,
nonreactive scattering. At Ecol = 0.3 eV, the probability of forming
a complex during the trajectory decreases to 40%. It is interesting
to note that the formation of complex is collision orientation
dependent. Almost all complex-forming trajectories have O2

approach both the S atom and the ammonium group of CysH+

simultaneously when the reactants start to collide. The collisions,
with O2 either attack the backbone of CysH+ or approach the

Figure 7. Representative plot of nonreactive trajectories at Ecol = 0.2 eV,
showing the variation of potential energy and center-of-mass distance
between CysH+ and O2 moieties during the trajectory.

Figure 8. Representative plot of complex-forming trajectories at Ecol =
0.2 eV: (top) the variation of potential energy and center-of-mass
distance between CysH+ and O2 moieties during the trajectory and
(bottom) the variation of various bond lengths during the trajectory.
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sulfhydryl group from the back side of the ammonium group,
mostly lead to nonreactive scattering. Similar phenomena were
observed in the trajectories of MetH+ + 1O2.

34 The narrow range
of optimal orientations could to some extent account for the low
reaction efficiency observed for CysH+ + 1O2. Note the spin-
forbidden process could impose other dynamics bottlenecks for
reaction; however, detailed theoretical calculations are needed
for the evaluation of this effect.
Of all complex-forming trajectories, only less than half decay

back to the reactants before the terminationof the trajectory (∼3.4ps).
This suggests that the lifetime of most precursor complex and
hydroperoxide_1 is longer than 3 ps. For comparison, the
classical rotational period of a complex estimated using the
average angular momentum varies from 1.9 to 2.1 ps at Ecol =
0.2�0.3 eV. We also estimated the direct “fly by” time, taken as
the time required for 5 Åmotion at the relative speed of reactants.
This gives a measure of how long a direct collision would last at
the same collision energy. This “fly by” time is 0.4 ps at Ecol = 0.2
eV, drops to 0.33 ps at Ecol = 0.3 eV. The complex lifetime is thus
significantly longer than “fly by” times, and comparable to the
complex rotational periods. Besides, the trajectories show the
correct Ecol dependence in terms of the complex formation
probability, i.e., 55% at 0.2 eV vs 40% at 0.3 eV. The conclusion
is that precursor complex RC and hydroperoxide_1 would be
able to mediate the reaction at low Ecol.
2. TrpH+ + 1O2.DFT calculated reaction coordinate for TrpH+

+ 1O2 is summarized in Figure 9. The electronic excitation energy
of the lowest 3TrpH+ is 1.83 eV higher than that of 1O2;
therefore, as in the case of CysH+ + 1O2, we need not consider
the participation of electronically excited TrpH+ in the reaction.
One weakly bound, reactant-like complex and three strongly
bound complexes were found that might be important in
mediating the reaction. To differentiate the reactant-like com-
plexes for CysH+ + 1O2 and TrpH+ + 1O2, we include the
reactant formula in the acronym, e.g., RC(TrpH+), for clarity.
Complex RC(TrpH+), analogous to complex RC(CysH+) for
CysH+ + 1O2, has the O2 moiety interacting with the ammonium
group via hydrogen bonding and the indole side chain via
electrostatic interaction. RC(TrpH+) is calculated to have a
binding energy of 1.25 eV relative to the reactants, more strongly

bound than in the CysH+ + 1O2 system. Consistent with the
reactionmechanism proposed for solution-phase photooxidation
of tryptophan (see Figure 3), RC(TrpH+) could interconvert to a
dioxetane derivative across the C2�C3 double bond on the
indole side chain, or form a hydroperoxide at C3. In the
dioxetane intermediate, two affected carbon atoms are slightly
displaced from the ring plane toward O2. Two structures were
identified for hydroperoxide complex, i.e., hydroperoxide_3 and
hydroperoxide_4 with the difference being which H atom is
abstracted by the peroxide group. In hydroperoxide_3, the H
atom of the indole�NH is abstracted; while in hydroperoxide_4,
one H of the ammonium group is transferred to the peroxide
group. Consequently, in hydroperoxide_3, the charge stays on the
ammonium group; while in hydroperoxide_4, the charge shifts to
the side chain and is shared by the indole ring (δ+ = 0.61) and the
hydroperoxyl group (δ+ = 0.31). The binding energies are 1.94 eV
for dioxetane, 2.14 eV for hydroperoxide_3, and 2.19 eV for
hydroperoxide_4, all calculated with respect to the reactants.
Product ions of m/z 130 are barely observed in CID of TrpH+,

but they are the major fragmentation channel in photoinduced
dissociation ofTrpH+.94�97 In photodissociationofTrpH+,m/z130
can be produced either through prompt CR�Cβ bond breaking of
electronically excited TrpH+*, or from a two-step mechanism.94�97

In the two-step mechanism, photoexcitation leads to a H atom loss
reaction, and the hence formed radical cation Trp+ (m/z 204)
further dissociates into its specific m/z 130 fragment by CR�Cβ

bond rupture. As discussed above, electronically excited TrpH+* can
be excluded in our reaction based on energetics consideration, thus
we need to only consider the possibility of a two-stepmechanism for
TrpH+ + 1O2, i.e., Trp

+ is produced by a H atom abstraction of
TrpH+ by 1O2 (reaction 4a) followed by dissociation of Trp

+ tom/z
130 (reaction 4b). The reaction energetics, calculated at the B3LYP/
6-311++G(d, p) level of theory, are as follows:

TrpHþ þ 1O2 f hydroperoxide_4 f Trpþðm=z 204Þ þ •OOH

ΔHrx ¼ � 1:09 eV ð4aÞ

f ½sidechain�þðm=z 130Þ þ H2NCHCO2H þ •OOH

ΔHrx ¼ � 0:28 eV ð4bÞ

Figure 9. Schematic reaction coordinate for TrpH+ + 1O2. Energies of complexes, TSs, and products, relative to reactants, are derived from B3LYP/
6-311++G(d, p) values, including ZPE.
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The enthalpy of reaction 4a, 1.09 eV, has to distribute into the
internal modes and recoil energies of both fragments, and only a
faction of exoergicity should be left in the nascent Trp+ radical
cation. On the other hand, assuming a direct, barrier free
mechanism, the dissociation energy of Trp+ is calculated to
be 0.81 eV. Because of the internal energy distribution in the
nascent Trp+ ions, one can image that not all of these Trp+ ions
would be able to carry sufficient internal energy for CR�Cβ

bond cleavage; consequently, parent Trp+ (m/z 204) and
fragment (m/z 130) ions would be detected simultaneously
as product ions should the dissociation pathway of 4a and 4b
open. However, we did not observe noticeable signal atm/z 204
beyond the background. Therefore, product ions of m/z 130
cannot come from the fragmentation of Trp+ in our reaction.
In Figure 9, we have attempted to identify three possible pathways

leading to the transfer of the electronic excitation energy of 1O2 and
formation of m/z 130, each of these is mediated by a dioxetane or a
hydroperoxide. Dioxetane could dissociate into charged side chain,
neutral H3NCHCO2H, and ground-state O2. The same dissociation
products could be expected for hydroperoxide_3, and in that case the
H atom of the hydroperoxyl group transfers back to the indole N.
However, the enthalpy of reaction corresponding to these dissocia-
tionproducts is calculated to be 1.41 eVendothermic, suggesting that
neither of dioxetane and hydroperoxide_3 is a good candidate for
dissociation. A slightly more converted pathway is mediated by
hydroperoxide_4 and is accompanied by intramolecular H atom
transfer, analogous to the dissociation pathway found for CysH+ +
1O2. During three-body dissociation of hydroperoxide_4, the H
atom of the hydroperoxyl group which originally belongs to NH3

+ is
transferred toCRof the backbone, ejecting a neutral glycinemolecule
H2NCH2CO2Hand ground-stateO2. Because of the high stability of
glycine, this dissociation pathway becomes more energetically favor-
able than the dioxetane- or hydroperoxide_3-mediated one, and is
actually slightly exothermic (�0.04 eV).

IV. CONCLUSIONS

The present study employs guided-ion-beam tandem mass
spectrometry to determine the reaction products, cross sections,
and collision energy dependence for the reactions of CysH+ and
TrpH+ with electronically excited singlet molecular oxygen
(a1Δg). DFT calculations were carried out to identify the reaction
coordinates (including reactants, intermediate complexes, transi-
tion states, and products), and investigate thermodynamics and
energy barriers. Quasi-classical, direct dynamics trajectory simula-
tions were performed for collisions of CysH+ with 1O2 at collision
energies of 0.2 and 0.3 eV. Trajectories demonstrate the impor-
tance of a complex-mediated mechanism at low Ecol, and reveal a
number of interesting dynamics features including orientation
dependence for reaction.One of themost interesting results is that
the electronic excitation energy of 1O2 can be used to drive the
dissociation of CysH+ and TrpH+. The dissociative excitation
energy transfer has to bemediated by intermediate complexes, and
only becomes important at low Ecol when the complexes have
significant lifetimes. Within these complexes, there exists charge
delocalization or intramolecular charge transfer. This could induce
strong electronic interaction betweenCysH+/TrpH+ and 1O2, and
that probably explains the transitions to triplet dissociation
channels. This work exemplifies another system of dissociative
excitation transfer of 1O2, in addition to the dissociation of
OH�(H2O)1,2 by

1O2 reported by Viggiano et al.
48
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