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Abstract Reactions of electronically excited singlet oxygen (1O2) with the radical cations of guanine 

(9HG+), 9-methylguanine (9MG+), 2-deoxyguanosine (dGuo+) and guanosine (Guo+) were studied in 

the gas phase by a combination of guided-ion-beam mass spectrometric measurement of product ions and 

cross sections as a function of collision energy (Ecol) and electronic structure calculations of reaction 

potential energy surface (PES) at various levels of theory.  No product could be captured in the 1O2 

reaction with bare 9HG+ or 9MG+, because energized products decayed rapidly to reactants before being 

detected.  To overcome this unfavorable kinetics, monohydrated 9HG+ꞏH2O and 9MG+ꞏH2O were used 

as reactant ions, of which the peroxide product ions were stabilized by energy relaxation via elimination 

of the water ligand.  Reaction cross sections for 9HG+ꞏH2O and 9MG+ꞏH2O decrease with increasing 

Ecol, becoming negligible above 0.6 eV.  This indicates that the reactions are exothermic with no barriers 

above reactants and the heat of formation of the products is sufficiently large to overcome their water 

ligand elimination energy (0.7 eV).  Peroxide product ions were also detected in the 1O2 reactions with 

unhydrated dGuo+ and Guo+, in which intramolecular vibrational redistribution was able to stabilize 

oxidation products.  9MG+ was utilized as a model system to explore reaction PES for the initial 1O2 

addition to guanine radical cation.  Calculations were carried out using single-reference B97XD, RI-

MP2 and DLPNO-CCSD(T) and multi-reference CASSCF and CASPT2.  Despite the same PES profile 

was obtained at different levels of theory, the energies of the mixed open- and closed-shell 1O2 reactant 

and the open-shell reaction intermediates, transition states and products are sensitive to the theories.  By 

taking into account both static and dynamic electron correlations, the CASPT2 PES has provided the best 

agreement with the experimentally measured reaction thermodynamics and predicted 8-peroxide as the 

most probable initial oxidation product of guanine radical cation. 
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1.  Introduction 

Compared to the adenine (A), cytosine (C) and thymine (T) nucleobases, guanine (G) has the lowest 

oxidation potential (E vs. NHE = 1.29 V for guanosine, 1.42 V for adenosine, 1.6 V for deoxycytidine 

and 1.7 V for thymidine)1-2 and the lowest adiabatic ionization energy (AIE = 7.75 eV for G, 8.27 eV for 

A, 8.66 eV for C and 8.82 eV for T).3-4  This makes guanine the primary target for one-electron oxidation, 

leading to the facile formation of guanine radical cation (G+) upon radiolysis,5-6 photolysis,7 chemical 

oxidation,8 electron transfer between DNA-bound metal complexes,9 electrocatalytic oxidation10-11 and 

type I photosensitized oxidation.12-13  The complementary base pairing of G with C in double helical DNA 

further reduces its E by 0.28 – 0.34 V14-15 and AIE by 0.75  0.78 eV.16-17  In line with these facts, 

electron holes that are initially created by one-electron oxidation of other nucleobases may migrate for 

long distances from the locus of formation to the guanine sites,18 rendering the formation of G+ as an 

ultimate trap for the oxidative damage to DNA.6  Formation of G+ is the first step toward a variety of 

biological sequelae,19-22 most of which are highly mutagenic, e.g., 8-oxo-7,8-dihydroguanine (8-OG, the 

most common product produced in vivo under oxidative stress23) lesion20 in genomic, mitochondrial and 

telomeric DNA. 

Of relevance to the guanine-mediated DNA lesions is the electronically excited singlet oxygen 

(O2[a1g])-induced damage.  1O2 is generated in living systems through enzymatic and nonenzymatic 

reactions, type II photosensitization, chemical excitation, etc.24-25 and is known to cause DNA damage.20, 

26-29  The 1O2 damage to DNA initiates exclusively at the guanine residues.20-22, 26-48  The consequential 

primary and secondary damage is implicated in DNA strand breaks,2 DNA-protein cross-links,43, 48 

mutation49 and apoptosis50 as well as in photodynamic therapy for cancer.51  Most of the mechanistic 

insights on the 1O2 oxidation of guanine were obtained from the measurements of guanine residues in 

various contexts (including isolated nucleobases, nucleosides, oligonucleotides, and single- and double-

stranded DNA) in solution26-40, 47-48 and their protonated and deprotonated ions in the gas phase,44-46 

augmented by reaction potential energy surface (PES) investigations43-48, 52-53 and molecular dynamics 
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simulations.41-42, 44-46  A currently accepted mechanism is that guanine is attacked by 1O2 on its imidazole 

ring, forming a transient peroxide and/or endoperoxide that quickly converts to a hydroperoxide 8-OOH-

G.  The 8-OOH-G in isolated nucleosides and short oligonucleotides undergoes a series of reactions and 

ultimately forms spiroiminodihydantoin and guanidinohydantoin;35 whereas that within DNA is reduced 

to 8-OG.28  A scenario of biological significance is ionizing radiation and/or one-electron oxidants 

interacting with DNA in the presence of 1O2.  Under that circumstance, synergistic effects from the 

combination of G+ formation and 1O2 oxidation are anticipated.  Surprisingly, the reaction of G+ with 

1O2 has not yet been directly measured or theoretically modeled.  Neither of the reaction kinetics nor the 

nature of the oxidation products was known.  On the other hand, the knowledge of such concurrent 

processes is not only of significance for the fundamental understanding of DNA oxidatively generated 

damage but also of high practical interest in exploring the additive effects of combing ionization 

radiation-based radiotherapy and 1O2-based photodynamic therapy in cancer treatment.54-56  

The degradation pathways of G+ depend on structural context and reaction environments (i.e., solvent 

and pH).  In neutral aqueous solution, free G+ (and that within single-stranded DNA) undergoes 

deprotonation through the loss of the imino proton at N1 to water and yields neutral radical [G – H] 

within 56 ns.57-58  In contrast, G+ within double-stranded DNA is stabilized through Watson-Crick base 

paring which diminishes the probability of deprotonation.59  The fates of G+ and [G – H] are distinctively 

different by following different transformations and producing different end products.19-22  This implies 

that a direct measurement of G+ with 1O2 in aqueous solution is not feasible, because deprotonation of 

G+ may be faster than oxidation and the oxidation behavior of deprotonated [G – H]  may not faithfully 

mimic that of G+ within DNA.6  In this sense, a gas-phase environment is more appropriate for 

examining the 1O2 oxidation of G+ wherein deprotonation shuts down and reaction is not perturbed by 

solvent and counter ions.  In the present work, the reactions of 1O2 with the radical cations of guanine 

(9HG+), 9-methylguanine (9MG+), 2-deoxyguanosine (dGuo+) and guanosine (Guo+) were 

investigated in the gas phase, in the order of increasing structural complexity.  The guided-ion-beam 
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scattering mass spectrometric measurement, combined with multi-configuration reaction PES modeling, 

constituted the first study on the chemistry of guanine radical cation with 1O2. 

2. Experimental and Theoretical Methods 

2.1  Chemicals  

9MG (Aldrich, >98.0%), dGuo (Sigma, >99%), Guo (Acros, 99%), Cu(NO3)2 (Alfa Aesar, 99.999%), 

KOH (Fisher Chemical, >85%) and aqueous H2O2 (Acros Organics, 35 wt%) were used without further 

purification.  Chlorine gas (99.5%) was purchased from Sigma Aldrich, and helium gas (research grade) 

was purchased from T.W. Smith.  All solvents were HPLC grade.  

2.2  Generation and detection of 1O2 

1O2 was generated by the reaction of H2O2 + Cl2 + 2KOH  1O2/3O2 + 2KCl + 2H2O.60-61  In brief, 

10.5 mL of 8 M KOH was added to 20 mL of 35 wt% aqueous H2O2 in a sparger held at -18 ºC.  The 

mixture was degassed.  3.42 sccm of Cl2 was mixed with 53.5 sccm of He in a gas proportioner and 

bubbled through the H2O2/KOH slush.  Cl2 reacted completely with H2O2 and produced a mixture of 1O2, 

3O2 and water.  Gas products passed through a cold trap (kept at -70 ºC) to remove water vapor.  Only 

1O2, 3O2 and He remained in the downstream gas.  The concentration of 1O2 was determined by measuring 

its a1g  X3Σ௚ି emission62 in an optical emission cell.  Emission from the cell was collimated, passed 

through an optical chopper and filtered by a 5 nm-bandwidth interference filter centered at 1270 nm.  The 

chopped emission was focused into a thermoelectrically cooled InGaAs photodetector (Newport 71887 

detector and 77055 cooler) coupled with a lock-in amplifier (SRS model SR830).  The amplifier output 

was converted to absolute 1O2 concentration per a previous calibration.63  To reduce wall- and self-

quenching of 1O2, the sparger was continuously evacuated and its pressure was maintained at 12.8 .  At 

this pressure, a steady concentration of 1O2 (up to 15%) was produced for conducting ion-molecule 

reactions.   

2.3  Formation of guanine radical cation and ion-molecule scattering 

Reaction of guanine radical cation with 1O2 was carried out on a home-made electrospray ionization 
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(ESI) guided-ion-beam scattering tandem mass spectrometer at Queens College.  Details of the apparatus 

can be found in our previous work.64-65  As a source of guanine radical cations, we used collision-induced-

dissociation (CID) of Cu(II)-nucleoside complexes.65-67  A methanol/water (v:v = 3:1) solution of 0.25 

mM Cu(NO3)2 and 0.5 mM guanosine was freshly prepared and sprayed into the air through an ESI 

needle at a rate of 0.06 mL/hr.  The [CuII(Guo)0-6]2+ꞏ(CH3OH)0-3 complexes formed in the electrospray 

entered the source chamber of the mass spectrometer through a desolvation capillary which was biased at 

115 V with respect to ground and heated up to 200 ºC.  The source chamber was evacuated to a pressure 

of 1.7 .  A 1.0 mm-orifice skimmer was located 3 mm away from the end of the desolvation capillary, 

separating the source chamber and a hexapole ion guide. The skimmer was biased at 17 V with respect to 

ground.  The electrical field between the capillary and the skimmer prompted CID of [CuII(Guo)0-

6]2+ꞏ(CH3OH)0-3 with the background gas in the source chamber, and the dissociation of [CuII(Guo)3]2+ 

was featured by redox separation, i.e., [CuII(Guo)3]2+  [Cu(Guo)2]+ + Guo+.  A fraction of Guo+ ions 

eliminated the sugar group (-C5H8O4) in CID and produced 9HG+.  Likewise, 9MG+ and dGuO+ were 

generated by CID of [CuII(9MG)3]2+ and [CuII(dGuo)3]2+, for which the ESI solution was prepared using 

9MG and dGuo, respectively. 

Radical cations were transported into the hexapole ion guide for collisional focusing and 

thermalization to 310 K, followed by mass selection in a quadrupole mass filter.  Mass-selected reactant 

radical ions were injected into an octopole ion guide that passes a scattering cell containing the 1O2 

reactant.  In addition to providing radio frequency potential that traps ions in the radial direction, the 

octopole was biased at a variable DC potential.  The DC offset controlled the kinetic energy of reactant 

ions in the laboratory frame (Elab) and thereby set the collision energy (Ecol) between radical cations and 

1O2 in the center-of-mass frame using Ecol = Elab ൈ mneutral/(mion ൅ mneutral), where mion and mneutral stand for 

masses of ionic and neutral reactants, respectively.  After ion-molecule scattering, the product ions 

resulting from the reaction and the remaining reactant ions were collected by the octopole, passed into a 

second quadrupole mass filter for mass analysis, and counted by an electron multiplier detector.  Reaction 
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cross sections were calculated from the ratio of reactant/product ion intensities at each Ecol, the pressure 

and the concentration of 1O2 in the scattering cell, and the effective cell length.  The scattering cell gas 

pressure (including 1O2, 3O2 and He) was maintained at 0.25 m.  At this pressure, guanine radical cations 

had at most single collisions with oxygen molecule.  It was reported that guanine radical cation does not 

present observable reaction with 3O2.68  The nonreactivity for the collisions of 9HG+, 9MG+, dGuo+ and 

Guo+ with 3O2 was further verified in our control experiment conducted under the same conditions except 

that 1O2 was replaced by 3O2 gas.  

The ion beam intensities were 3 × 105 cps for 9HG+, 8 × 105 cps for 9MG+, and 3 × 105 cps for 

dGuo+ and Guo+.  Initial kinetic energy of the ion beam was set at 0.8 eV, with an energy spread 

controlled to be < 0.7 eV by collisional damping in the hexapole and reducing the radius of the ion beam 

at the exit of the first quadrupole.  Monohydrated 9HG+ꞏH2O and 9MG+ꞏH2O were generated in a 

similar procedure, except that the sample solution was prepared in 2:1 methanol/water.  The ion 

intensities were 2.4 × 104 and 4 × 104 cps for 9HG+ꞏH2O and 9MG+ꞏH2O, respectively.  

2.4  Electronic structure calculations 

9MG+ was utilized as a prototype for modeling guanosine radical cation reaction PES, of which the 

N9-methyl group mimics the nucleoside sugar moiety.  As demonstrated in Scheme 1, 9MG+ has the 

same nucleobase conformation and the same spin density distribution (i.e., an unpaired electron is 

delocalized among N3, C4, C5 and C8) as those of dGuo+ and Guo+.65  It is thus reasonable to assume 

that the methyl-substitution at N9 has little effect on the relative enthalpies of oxidation intermediates, 

transition states (TSs) and products of guanosine,52 as verified in our experiment. Geometries of reactants, 

intermediates, TSs and products were optimized using the B97XD69 density functional theory (DFT) 

paired with the 6-31+G(d,p) basis set.  This range-separated functional mitigates self-interaction errors 

and improves the orbital description of radical ions70 than the B3LYP functional.  The latter is known to 

introduce severe spin contamination in the 9MG+ reactant.71   

The challenge in the calculation of PES for guanine radical cation with 1O2 is that the system presents 
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multi-configuration wavefunctions originating from the mixed open- and closed-shell character of 1O2.72  

The spin-restricted DFT is unable to describe the static correlation arising from the two degenerate * 

antibonding orbitals and overestimates the 1O2 excitation energy, whereas the broken-symmetry, spin-

unrestricted DFT brings about spin contamination from the ground-state 3O2.  This problems exits not 

only in the 1O2 reactant but also in the intermediates and TSs for 1O2 addition to guanine.43, 46-48  In our 

previous study of the 1O2 reactions with protonated and deprotonated guanine ions,46-48 spin 

contamination in the PES was corrected using Yamaguchi′s approximate spin-projection method,73-74 in 

which the spin-projected total electronic energy of an open-shell singlet state was calculated as a 

weighted combination of broken-symmetry, spin-unrestricted singlet and triplet states.  However, the 

approximate spin-projection was validated only for system containing singlet and triplet states.43, 46-47, 73-74  

The present system, on the other hand, is more complicated in that it mixes doublet and quartet states. 

To obtain a reliable PES and therefore identify minimum energy reaction pathway(s), we have 

adopted a composite and more rigorous procedure in this work.  DFT calculations at the B97XD/6-

31+G(d,p) level were employed to map out all possible reaction pathways for the 1O2-addition to 9MG+ 

and optimize all stationary points along reaction coordinates.  All TSs were verified as first-order saddle 

points, and the vibrational mode associated with an imaginary frequency corresponds to the anticipated 

reaction pathway.  Intrinsic reaction coordinate (IRC) calculation was carried out to substantiate 

reactant/product minima connected through each TS.  Once reaction pathways were identified, electronic 

energies of all stationary structures and TSs were refined.  First, two high-level, single-reference methods 

were applied for single-point energy calculations: the resolution-of-the-identity second-order Møller–

Plesset perturbation theory (RI-MP2/aug-cc-pVQZ),75-76 and the domain based local pair-natural orbital 

coupled-cluster single-, double- and perturbative triple-excitation method (DLPNO-CCSD(T)/aug-cc-

pVTZ, where the inclusion of a perturbative correction for triple excitation may compensate for the 

deficiencies of a single-determinant reference).77  Energies were further examined using the multi-

reference complete active space self-consistent field method,78-79 i.e., CASSCF(9,7)/6-31+G(d,p) for 
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9MG+, CASSCF(12,8)/6-31+G(d,p) for 1O2, and CASSCF(21,15)/6-31+G(d,p) for other reaction species 

where the O(2s)-O(2s), O(2s)-O(2s), O(2p)-O(2p), 1, 1, and O(2p)-O(2p) orbitals of O2 and the  orbitals of 

the guanine imidazole ring were included in the active space.  Reaction enthalpy (H) reported at each 

level of theory is based on the sum of the electronic energy calculated at the specified level and the 298 K 

thermal correction at B97XD/6-31+G(d,p) (including zero-point energy which was scaled by factor of 

0.97580).   

As we had expected, despite all single- and multi-reference methods predicted similar reaction 

coordinates, reaction potential energies were very sensitive to the theories.  Particularly, the CASSCF 

calculations located most reaction intermediates and TSs above the reactants in energy, which was 

inconsistent with our experimental finding that the reaction is exothermic.  The issue with the CASSCF 

calculations is that the electron correlation energy was treated in an unbalanced way and only that 

corresponds to the active orbitals (i.e., static correlation) was considered.  To take into account both static 

and dynamic correlations, we have proceeded to calculate the reaction PES using CASPT2(21,15)/6-

31G(d,p),81-82 i.e., adding remaining dynamic correlation using second order perturbation theory with the 

CASSCF wave function as the reference.  Since CASPT2 treats dynamic correlation effects 

perturbatively, it is less expensive than the multi-reference configuration interaction (MRCI) method83 

and allows for handling a large number of active orbitals for correlation.81-82   

The B97XD/6-31+G(d,p) and CASSCF(21,15)/6-31+G(d,p) calculations were completed using 

Gaussian 09.84  Electronic energies at the RI-MP2/aug-cc-pVQZ and DLPNO-CCSD(T)/aug-cc-pVTZ 

levels of theory were calculated with ORCA 4.85  The CASPT2(21,15)/6-31G(d,p) calculations were 

carried out using MOLCAS 8,86 for which the shift parameter for ionization potential-electron affinity 

(IPEA) was set to 0.25 a.u.87-88   

3.  Results and Discussion 

3.1  Reaction products and cross sections 

3.1.1 1O2 with 9HG+ and 9MG+.  We first measured the ion-molecule scattering of 9HG+ and 9MG+ 
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with 1O2.  For both systems, no products were detected over an Ecol range from 0.05 to 1.0 eV except 

collision-induced fragment ions of the ionic reactants.  A similar scenario was observed previously that no 

oxidation products were detected for the 1O2 reactions with [9HG + H]+, [9MG + H]+, [9HG  H] and 

[9MG  H] ions.44-45  The rationalization is that the nascent endoperoxide and/or exoperoxide adducts of 

guanine ions were energized by the reaction exothermicity and completely decayed back to the starting 

reactants during their time-of-flight within the mass spectrometer (~500 s).  In order to overcome this 

unfavorable reaction kinetics, we have employed an alternative method by using monohydrated reactant 

ions as the target for collisions with 1O2.  The idea was to enhance the energy relaxation of oxidation 

intermediates, i.e., the reaction heat of formation, which would otherwise prompt the decomposition of an 

O2-adduct, was used up mostly for eliminating a water ligand and the accompanying product kinetic 

energy release.  By employing the water-evaporation cooling strategy, we have indeed observed the 

reaction products of 1O2 with 9HG+ꞏH2O and 9MG+ꞏH2O.  Product ions were detected at m/z = 183 for 

9HG+ꞏH2O + 1O2 and m/z = 197 for 9MG+ꞏH2O + 1O2, each of which corresponds to the liberation of a 

water ligand from an O2-adduct of the hydrated reactant ion.   

Figures 1a and b have shown the product ion cross sections for 9HG+ꞏH2O + 1O2 and 9MG+ꞏH2O + 

1O2 as a function of Ecol from 0.05 to 0.6 eV.  Error bars were estimated on the basis of 4 sets of 

measurements.  Insets present representative product ion mass spectra measured at Ecol = 0.05 eV, where 

the product ion peaks were scaled by a factor of 100 for clarity.  For both reaction systems, the product 

ion cross section decreases with increasing Ecol, indicating that these reactions are exothermic and there 

are no activation barriers above the reactants.  The fact that the reactions are able to eliminate a water 

ligand from the product complexes also indicates that the exothermicities of the oxidation reactions are 

more than the water binding energies of the products (0.7 eV, see below).  This thermodynamic data will 

serve as experimental evidence to benchmark PES computation. 

Reaction efficiency, estimated by reaction/collision (where collision represents the ion-induced dipole 

capture cross section89), is 2% for 9HG+ꞏH2O and 1.4 % for 9MG+ꞏH2O at Ecol = 0.05 eV, decreasing to 
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1.4% for 9HG+ꞏH2O and 1.3% for 9MG+ꞏH2O at 0.1 eV.  Both reactions have become negligible above 

0.6 eV.  It appears that the 9-methyl substitution inhibits guanine oxidation.  

3.1.2 1O2 with dGuo+ and Guo+.  We have then measured the scattering of dGuo+ and Guo+ by 1O2.  

In contrast to 9HG+ and 9MG+, the O2-addition product ions were captured for both dGuo+ and Guo+ in 

their unhydrated states.  This is probably due to the larger molecular size of dGuo+ and Guo+ than 9HG+ 

and 9MG+, and consequently more efficient intramolecular vibration redistribution (IVR) which helped 

deposit reaction heat of formation over vibrational modes without decomposing the products. 

Figures 1c and d present product ion mass spectra and cross sections for dGuo+ and Guo+ over the 

Ecol range of 0.05  0.5 eV.  For both systems, the cross section generally increases with decreasing 

collision energy, but it dips at the lowest Ecol.  The dip is most likely artificial.  To achieve an Ecol below 

0.1 eV in the center-of-mass frame, a retarding DC potential was applied to the octopole ion guide to 

deaccelerate the reactant ions.  Due to the kinetic energy spread (~ 0.7 eV) of the ion beam, at the lowest 

Ecol some reactant ions had nearly zero or backward axial velocity in the laboratory frame.  This decreased 

the ion collection efficiency and consequently affected cross section measurement at the lowest Ecol.  The 

problem turned out to be more severe for dGuo+ and Guo+ than for 9HG+ and 9MG+.   

Overall, the Ecol dependence of product cross sections indicates that the 1O2 reactions with dGuo+ and 

Guo+ are exothermic, analogous to those with 9HG+ and 9MG+.  Taking into account the experimental 

uncertainties, the product cross sections for dGuo+ and Guo+ are comparable to each other.  But they are 

approximately only half of those for 9HG+ꞏH2O and 9MG+ꞏH2O.  It is possible that, without additional 

energy relaxation such as water-evaporation cooling in a hydrated system, a fraction of nucleoside 

product ions have decomposed to the reactants before reaching the mass spectrometer detector.  We have 

attempted to measure the 1O2 reactions with dGuo+ꞏH2O and Guo+ꞏH2O, but the beam intensities of 

monohydrated nucleoside radical cations were too low (< 104 cps) to allow for meaningful measurements. 

3.2  PES for the 1O2 addition to 9MG+ 

3.2.1 Overview of reaction pathways and products.  PES for 9MG+ with 1O2 was explored first using 
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the B97XD/6-31+G(d,p) method.  The one-dimensional PES of the resulting pathways is depicted in 

Figure 2, including ChemDraw structures of all reaction intermediates, TSs and products.  Cartesian 

coordinates for these species are provided in the Supporting Information.  Four 1O2-addition mechanisms 

were identified, and all of them are initiated at a reactant-like, -stacked precursor complex:  

1) Concerted Diels-Alder cycloaddition of O2 across the imidazole C5-C8 bond.  The reaction is 

mediated by TS58 and leads to the formation of a 5,8-endoperoxide ([5,8-OO-9MG]+), as illustrated by 

the red line in Figure 2a.  Along the reaction coordinate, the unpaired electron diffuses from the guanine 

moiety to the O2 orbital as verified by the DFT-calculated spin density distribution and the CASSCF-

calculated singly occupied molecular orbital (SOMO), but the positive charge remains at the guanine 

imidazole ring.  Therefore, spin and charge are separating in the reaction.  To emphasize that the spin 

density is delocalized throughout the system, the superscript + is applied over the whole reaction 

structure that is bracketed together.  We have explored the possibility of forming a 4,8-endoperoxide, as 

the latter structure is known to form in the 1O2 cycloaddition to neutral guanine and guanosine.30, 43  

However, a [4,8-OO-9MG]+-like geometry converged to either [5,8-OO-9MG]+ or [8-OO-9MG]+.   

2) C8-terminal addition of O2 (shown by black lines in Figure 2a).  There are two possible routes 

which lead to the same product structure but with the anti- and syn-configurations, respectively, with 

respect to the imidazole ring.  1O2 may attack at the C8 terminal via TS8a to produce anti-[8-OO-9MG]+, 

followed by interconversion to syn-[8-OO-9MG]+ via a rotation barrier TS8b.  Alternatively, syn-[8-OO-

9MG]+ may be formed directly from the reactants by crossing over TS8c.  Compared to that of anti-[8-

OO-9MG]+, the formation of syn-[8-OO-9MG]+ has a lower activation barrier and higher exothermicity 

and thus is more kinetically facile and thermodynamically favorable.  syn-[8-OO-9MG]+ may serve as an 

intermediate for a ring-closure reaction to [5,8-OO-9MG]+, i.e., the nucleophilic attack of the distal O 

atom of the peroxo group at the C5 atom via TS8d.  In this sense, cycloaddition proceeds stepwise.  The 

subsequent barrier TS8d for ring closure is significantly higher than the initial barrier TS8a (or TS8c) for 

1O2 addition, but is comparable to the barrier TS58 for concerted cycloaddition.  The unpaired electron is 
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delocalized among the imidazole ring and O2 in TS8a, TS8c and TS8d, and completely shifts to the *O-O 

orbital in TS8b and anti- and syn-[8-OO-9MG]+.  As a result, the spin-charge separation increases 

continuously along the reaction pathways.  

3) C4- and C5-terminal addition of O2 (shown by green and blue lines in Figure 2b).  The two 

pathways follow a similar pattern.  The C4-addition produces an anti-[4-OO-9MG]+ via TS4a and a syn-

[4-OO-9MG]+ via TS4c.  The two rotamers of [4-OO-9MG]+ may interconvert via TS4b, and syn-[4-

OO-9MG]+ may convert to syn-[5-OO-9MG]+ via TS4d.  Similarly, the C5-addition produces anti- and 

syn-[5-OO-9MG]+.  In both C4- and C5-peroxides, the barriers for rotation are small and the syn-

conformers may be slightly more stable, analogous to the pair of anti- and syn-C8-peroxides.  syn-[5-OO-

9MG]+ may follow a stepwise cycloaddition to form [5,8-OO-9MG]+ via TS5d or a dioxetane [4,5-OO-

9MG]+ via TS5e.  An interesting finding is that the formation of 4,5-[OO-9MG]+ could be initiated only 

at [5-OO-9MG]+ but not at [4-OO-9MG]+.   

The spin-charge separation was also observed along the C4- and C5-addition pathways.  While the 

positive charge is localized at the imidazole ring, the spin density is shared among the imidazole and the 

*O-O orbital in TS4a (mostly on O2), TS4c (mostly on O2), TS4d (mostly on O2), TS5a, TS5c, TS5d, 

TS5e and [4,5-OO-9MG]+, and completely relocated to the * O-O orbital in TS4b, TS5b, anti- and syn-

[4-OO-9MG]+, and anti- and syn-[5-OO-9MG]+. 

3.2.2  Reaction energies at the single-reference levels and T1 diagnostic.  Table 1 compares reaction 

enthalpies calculated at the B97XD/6-31+G(d,p), RI-MP2/aug-cc-pVQZ and DLPNO-CCSD(T)/aug-cc-

pVTZ levels of theory.  Reactions PESs constructed at the RI-MP2 and DLPNO-CCSD(T) levels are 

presented in the Supporting Information.  On the one hand, the three different theories have predicted 

qualitatively similar reaction coordinates and pathways.  Particularly, all peroxide-formation pathways are 

exothermic with no activation barriers above the reactants, except the TS8a calculated at RI-MP2.  For 

each peroxide, the anti- and syn-conformers are comparable in terms of reaction activation barrier and 

product heat of formation, with the syn-conformer being slightly more favored.  Of the three peroxides, 
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[8-OO-9MG]+ has the lowest energy, followed by [5-OO-9MG]+ and then [4-OO-9MG]+.  On the other 

hand, the three theories have given rise to sizable differences in the reaction energies.  For the formation 

of [5,8-OO-9MG]+, the B97XD and DLPNO-CCSD(T)-calculated barriers are 0.2 – 0.35 eV above the 

reactants, whereas the RI-MP2 barrier is 0.26 eV below the reactants.  The formation of [4,5-OO-9MG]+ 

was calculated to be exothermic at B97XD but becomes endothermic at RI-MP2 and DLPNO-CCSD 

(T).  Large deviations (from 0.79 eV up to 1.13 eV) were also observed in the reaction enthalpies of the 

precursor complex as well as TS8a, TS8c, TS5a, TS5c and TS5d.  As the reaction approaches the C8-, 

C5- and C4- peroxides and 5,8-endoperxoide, the energies at the three levels are getting close and the 

differences decrease to  0.24 eV.   

As aforementioned, single Slater-determinant wavefunctions may not be reliable in describing the 

open-shell electronic structures of 1O2 and its complexes with guanine radical cation.  To quantitatively 

assess whether the calculated structures are dominated by single-determinant wavefunctions, T1 

diagnostic90-91 was performed at the CCSD(T)/aug-cc-pVTZ level of theory for all of the structures.  For a 

closed-shell system, a T1 diagnostic larger than 0.02 implies that the system is not well described by a 

single-reference method.  There exist other important configurations that are needed as references in a 

treatment of nondynamic electron correlation.90  However, it is less clear what exactly constitutes a 

suspiciously large T1 for an open-shell system.91-93  In the present work, the T1 diagnostic was used to 

mainly compare various species on the reaction PES and explore how the multi-reference character 

evolves along each reaction pathway.  

The T1 diagnostic results of the coupled-cluster wavefunctions are collected in Table 1.  Among the 

stationary structures, the precursor complex and [4,5-OO-9MG]+ have T1 exceeding 0.02.  Besides, the 

TSs that lead to the formation of endoperoxides from peroxides (i.e., TS5d leading from syn-[5-OO-

9MG]+ to [5,8-OO-9MG]+, TS5e from syn-[5-OO-9MG]+ to [4,5-OO-9MG]+ and TS8d from syn-[8-

OO-9MG]+ to [5,8-OO-9MG]+) and the TS4d for the interconversion between syn-[4-OO-9MG]+ and 

syn-[5-OO-9MG]+ have T1 larger than 0.02.  Coincidently, these structures have the spin density 
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delocalized among the imidazole ring and the O2 orbital.  This demonstrates a strong correlation between 

spin density distribution and T1 diagnostic.  

3.2.3 Experimental benchmark for reaction thermodynamics.  Since the reaction product of 

9MG+ꞏH2O corresponds to the O2 addition accompanying with elimination of a water ligand, the heat 

release from 1O2 oxidation must be larger than the water ligand elimination energy (or product ion 

hydration energy).  Only in this case, the water molecule can be liberated barrierlessly following the O2 

addition.   

Scheme 2 illustrates the structures of monohydrated 9MG+ and its peroxide products.  Table 2 

compares the water ligand elimination energies (Hwater eli) of these peroxides at the single-reference 

levels.  Assuming that spin contamination in the peroxides is similar in the absence and the presence of a 

water ligand, its effect tends to largely cancel off on water ligand elimination.  As a result, the B97XD, 

RI-MP2 and DLPNO-CCSD(T) methods have shown a good agreement (within 0.1 eV) in the Hwater eli 

value for each peroxide.  On average, the water ligand elimination energy is 0.7 eV.  On the basis of this 

experimental evidence, all of the reaction pathways which have an exothermicity over 0.7 eV and an 

activation barrier below the reactants could be detected in our experiment.  The anti- and syn-conformers 

of [5-OO-9MG]+ and [8-OO-9MG]+ have the exothermicity larger than 0.7 eV and therefore may be 

considered as probable products.  On the other hand, anti- and syn-[4-OO-9MG]+, [5,8-OO-9MG]+ and 

[4,5-OO-9MG]+ either have a formation exothermicity much less than 0.7 eV or involve an activation 

barrier above the reactants, and therefore may not be captured in the experiment.  Of course, the 

calculations of reaction enthalpies have suffered spin contamination at the single-reference levels; as 

such, the analysis for experimental products needs to be validated at the multi-reference levels as 

discussed below.  

3.2.4 Reaction energies at the multi-reference levels and importance of dynamic electron 

correlation.  Finally, reaction PESs were explored at the CASSCF(21,15)/6-31+G(d,p) and 

CASPT2(21,15)/6-31G(d,p) levels of theory.  Their reaction energies are appended to Table 1, and their 
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PESs are compared in Figure 3.  The CASSCF and CASPT2-calculated reaction pathways have followed 

the same reaction coordinates as those predicted by the single-reference calculations.  In addition, there is 

a good correlation between the spin density distributions determined at B97XD and the SOMO orbitals 

mapped at CASSCF and CASPT2.  However, the CASSCF calculations have significantly increased 

reaction energies.  According to the CASSCF results, the anti- and syn-[8-OO-9MG]+ are the only two 

exothermic product channels (reaction H is -0.28 and -0.33 eV, respectively), but both bear a significant 

activation barrier (0.94 and 0.82 eV, respectively).  These energies are clearly overestimated; otherwise, 

there would have been no products detected in our experiment.  This indicates that CASSCF is 

problematic in treating the reaction of 1O2 with radicals.  A similar problem was reported for the reaction 

of 1O2 with neutral guanine molecule by Schlegel and coworkers,43 in which the addition barriers and the 

energies of the reaction intermediates were overestimated by CASSCF.    

As rationalized above, a major problem of CASSCF is that it includes primarily nondynamic electron 

correlation.  To improve the agreement with experiment, second order perturbation theory corrections are 

required to account for dynamic correlation.  For example, a composite CASPT2/DFT approach (i.e., 

single-point CASPT2 energy calculations of open-shell geometries optimized at DFT) was found to 

produce correct PESs for the 1O2 reactions with alkenes72 and 1,3-cyclohexadiene, 43,94 and the predicted 

barrier energies were consistent with the experimental data.  A more related work was reported by 

Marchetti and Karsili,95 in which CASPT2 was used to explore the 1O2 addition to neutral guanine and 

histidine.  Inspired by these works, we have refined the PES at CASPT2(21,15)/6-31G(d,p).  As a 

calibration of the CASPT2 energy, we calculated the singlet-triplet energy gap of O2 using 

CASPT2(12,8)/6-31G(d,p).  CASPT2 has predicted an excitation energy of 1.04 eV for 1O2, close to the 

experimental value of 0.98 eV.62  The superior performance of CASPT2 over CASSCF can be 

comprehended in detail in Figure 3, wherein the differences between the CASSCF and CASPT2 energies 

are indicated.  It appears that dynamic correlations are the most significant in TS58 (0.90 eV), TS8a (1.44 

eV), TS8c (1.66 eV) and TS4a (1.38 eV), where the numbers in the parentheses represent the energy 
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corrections by CASPT2.  The energy correction for dynamic correlation becomes less prominent as the 

reaction approaches the end products.   

Note that, for most reaction species, the CASPT2 energy is 0.5 – 0.7 eV higher than the B97XD 

energy.  This energy difference closely matches the amount of excitation energy that was overestimated 

(0.7 eV) for the 1O2 reactant by the spin restricted B97XD.  The exceptions are some syn-O2 addition 

barriers, for which the CASPT2 and B97XD energies differ either less than 0.4 eV (i.e., TS8c) or more 

than 1.9 eV (i.e., TS5c).  The RI-MP2 method also overstabilized reaction species than CASPT2 by a 

variable range from 0.2 to 1.2 eV, except TS8a, TS8c, TS5a and TS5d for which the energies raised at RI-

MP2.  Similarly, the DLPNO-CCSD(T) method overstabilized species by a range of 0.2 – 1.8 eV, except 

that the precursor complex became less stable by 0.52 eV with respect to CASPT2. 

On the basis of the CASPT2 PES, the most probable experimental product channel corresponds to 

reactants  precursor  TS8c  syn-[8-OO-9MG]+ (the barrier TS8c has shifted to an energy below the 

product, thus the reaction becomes barrierless), followed by reactants  precursor  TS8a  anti-[8-

OO-9MG]+  TS8b  syn-[8-OO-9MG]+.  Both anti- and syn-[8-OO-9MG]+ products have formation 

enthalpies above (or close to) 0.7 eV and no activation barriers above the reactants.  The product 

exothermicity of anti- and syn-[5-OO-9MG]+ is only ~0.1 eV less than the water ligand elimination 

energy, so the formation of theses product ions is possible at Ecol above 0.1 eV.  The CASPT2 PES also 

suggests that 5,8-cycloaddition, 4,5-addition and C4-terminal addition are endothermic and thus could be 

ruled out in the experiment.   

3.2.5 Comparison with the 1O2 oxidation of [9MG + H]+ and [9MG – H].  We have previously 

reported experimental and computational studies of the 1O2 reactions with [9MG + H]+ꞏH2O (protonated 

at the N7 position) and [9MG – H]ꞏH2O (deprotonated at the N1 position).45  The 1O2 oxidation of [9MG 

+ H]+ is dominated by a concerted 5,8-cycloaddition, and the [5,8-OO-9HG + H]+ endoperoxide appeared 

as the only product.  The same type of reaction becomes the least probable for 9MG+.  A concerted 

cycloaddition does not occur for [9MG – H].  Instead, the 1O2 addition to [9MG – H] is mediated by a 
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stepwise addition starting with the formation of a [8-OO-9MG – H] peroxide, which subsequently 

evolves to a [4,8-OO-9MG – H] endoperoxide.  Besides, no [5,8-OO-9MG – H] endoperoxide could be 

formed in the reaction.  The distinctively different oxidation pathways for 9MG+, [9MG + H]+ and [9MG 

 H] have reinforced the premise that different ionization states lead to different guanine oxidation 

mechanisms.   

Similar to that of guanine radical cation, the N9-methyl substitution in the protonated and 

deprotonated guanine ions decreases their reaction efficiencies with 1O2, i.e., the reaction efficiency is 

2.4% for [9HG + H]+ꞏH2O and [9HG  H]ꞏH2O,44 decreasing to 1.3 – 1.7% for [9MG + H]+ꞏH2O and 

[9MG  H]ꞏH2O,45 all of which were measured at 0.1 eV.  

4.  Conclusions 

The present work is aimed to assess the chemistry of guanine radical cation with electronically 

excited 1O2 for the first time.  The reactions for 1O2 with 9HG+, 9MG+, dGuo+ and Guo+ were 

measured in the gas phase using guided-ion-beam scattering mass spectrometry.  All of the reactions 

produced peroxide product ions, with the reaction cross sections in the order of 9HG+ > 9MG+ > dGuo+ 

≈ Guo+.  These reactions were all found to be exothermic with no reaction barriers above the starting 

reactants, and the product exothermicities are above 0.7 eV.  9MG+ was chosen as a model compound to 

explore the reaction PES for the 1O2 oxidation of guanine radical cation computationally.  The B97XD, 

RI-MP2, DLPNO-CCSD(T), CASSCF and CASPT2 levels of theory have been each applied to the PES 

calculations.  The different levels of theory have all predicted four reaction routes: a concerted 5,8-

cycloaddition to the formation of an endoperoxide [5,8-OO-9MG]+, and C8-, C4-, and C5-terminal 

addition pathways to the formation of various peroxides ([8-OO-9MG]+, [4-OO-9MG]+ and [5-OO-

9MG]+) and then to a dioxetane [4,5-OO-9MG]+.  However, due to the multireference characters in the 

mixed open-and closed-shell 1O2 and in the open-shell 1O2-adducts and transition states, the single-

determinant reference calculations have suffered spin contamination, while the CASSCF was struggling 

for the lack of a treatment of dynamic electron correlation.  A successfully approach was to use CASPT2 
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which couples complete active space with the corrections for dynamic correlation by second order 

perturbation theory.  The CASPT2-predicted reaction PES is consistent with the experimental 

measurement of reaction activation barrier and product enthalpy.  Guided by experimental and 

computational evidence, it was predicted that the most probable reaction pathway for the oxidation of 

guanine radical cation corresponds to the formation of 8-peroxide.  The formation of 5-peroxide may be 

possible in the experiment, but the formation of 4-peroxide, 5,8-endoperoxide or 4,5-dioxetane were ruled 

out on the basis of unfavorable reaction barrier and/or reaction endothermicity.  Finally, the distinctively 

different 1O2 reaction pathways of guanine radical cation compared to those of protonated and 

deprotonated guanine ions reported before have emphasized the dependence of nucleobase oxidation 

mechanism on ionization states. 
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Table 1.   Relative enthalpies (eV, 298 K) of reaction species calculated at the single- and multi- 

   reference levels of theory and their T1 diagnostic 

species B97XD/ 
6-31+G(d,p) 

RI-MP2/ 
aug-cc-pVQZ a

DLPNO-
CCSD(T)/ 

aug-cc-pVTZ a
CASSCF(21,15)/
6-31+G(d,p) a,b

CASPT2(21,15) 
6-31G(d,p) a,c  diagnostic 

9MG+ + 1O2 0.0 0.0 0.0 0.0 0.0 0.019 (9MG+)
0.015 (1O2)

   
precursor -1.75 -1.38 -0.64 -0.95 -1.16 0.027 
TS58 0.20 -0.26 0.35 1.61 0.71 0.018 
[5,8-OO-9MG]+ -0.57 -0.72 -0.48 0.45 0.21 0.016 
   
TS8a -0.93 0.20 -0.66 0.94 -0.50 0.019 
anti-[8-OO-9MG]+ -1.33 -1.28 -1.15 -0.28 -0.58 0.019 
TS8b -1.17 -1.13 -0.98 -0.08 -0.54 0.019 
TS8c -1.20 -0.23 -1.03 0.82 -0.84 0.020 
syn-[8OO-9MG]+ -1.40 -1.35 -1.23 -0.33 -0.78 0.019 
TS8d 0.25 0.24 0.38 1.47 0.70 0.023 
   
TS4a -0.50 -0.45 -0.27 1.44 0.06 0.020 
anti-[4OO-9MG]+ -0.48 -0.46 -0.29 0.70 0.13 0.020 
TS4b -0.39 -0.40 -0.24 0.70 0.20 0.019 
TS4c -0.49 -0.47 -0.30 0.89 0.19 0.020 
syn-[4-OO-9MG]+ -0.49 -0.48 -0.35 0.61 0.12 0.020 
TS4d 0.07 0.09 0.29 1.38 0.61 0.022 
   
TS5a -1.02 -0.21 -0.84 0.03 -0.71 0.020 
anti-[5-OO-9MG]+ -1.16 -1.10 -0.96 0.02 -0.59 0.020 
TS5b -1.09 -1.04 -0.90 0.19 -0.53 0.019 
TS5c -1.07 -0.28 -0.89 0.95 0.88 0.020 
syn-[5-OO-9MG]+ -1.16 -1.11 -0.97 -0.04 -0.58 0.020 
TS5d 0.16 1.19 0.71 1.49 0.82 0.048 
TS5e -0.16 0.12 0.14 1.16 0.49 0.025 
[4,5-OO-9MG]+ -0.18 0.38 0.08 1.24 0.59 0.023 
a) using B97XD/6-31+G(d,p)-calculated geometries and thermal corrections. 

b) CASSCF(9,7)/6-31+G(d,p) was used for 9MG+ and CASSCF(12,8)/6-31+G(d,p) for 1O2. 

c) CASPT2(9,7)/6-31G(d,p) was used for 9MG+ and CASPT2(12,8)/6-31G(d,p) for 1O2. 

  



24 
 

 

Table 2.   Comparison of water ligand elimination energy (Hwater eli, eV) for various monohydrated 

peroxide products at the single-reference levels of theory 

species B97XD/6-31+G(d,p) RI-MP2/aug-cc-pVQZ a DLPNO-CCSD(T)/aug-cc-pVTZ a 

anti-[8-OO-9MG]+ꞏH2O 0.79 0.71 0.69 

syn-[8-OO-9MG]+ꞏH2O 0.79 0.70 0.69 

anti-[4-OO-9MG]+ꞏH2O 0.73 0.64 0.63 

syn-[4-OO-9MG]+ꞏH2O 0.72 0.64 0.63 

anti-[5-OO-9MG]+ꞏH2O 0.79 0.71 0.70 

syn-[5-OO-9MG]+ꞏH2O 0.79 0.70 0.70 
a) using B97XD/6-31+G(d,p)-calculated geometries and thermal corrections. 

 

 

  



25 
 

 

Scheme 1.  The lowest-energy structures of 9HG+, 9MG+, dGuo+ and Guo+ optimized at the 

B97XD/6-31+G(d,p) level of theory, with atomic numbering schemes.  Spin densities are 

represented by contour plots and charge densities are indicated in numbers.  Their Cartesian 

coordinates are available in the Supporting Information. 
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Scheme 2.  The lowest-energy structures of monohydrated 9MG+ and its peroxide products optimized at 

the B97XD/6-31+G(d,p) level of theory.  Their Cartesian coordinates are available in the 

Supporting Information. 
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Figure Caption 

Fig. 1 Product cross sections for the 1O2 reactions with (a) 9HG+ꞏH2O, (b) 9MG+ꞏH2O, (c) dGuo+ and 

(d) Guo+.  Insets show product ion mass spectra.  

Fig. 2 Reaction pathways for the 1O2 addition to 9MG+.  Structures and reaction enthalpies were 

calculated at the B97XD/6-31+G(d,p) level of theory, including thermal corrections at 298 K.  

For TSs, vibrational mode corresponding to the imaginary frequency is indicated by displacement 

vectors in the ChemDraw structures.  Cartesian coordinates for the calculated structures are 

available in the Supporting Information.     

Fig. 3 Comparison of multi-configuration PES for the 1O2 addition to 9MG+ calculated at the 

CASSCF(21e, 15o)/6-31+G(d,p) and CASPT2(21e, 15o)/6-31G(d,p) levels of the theory, using 

the B97XD/6-31+G(d,p)-optimized geometries.  Reaction enthalpies were calculated at 298 K 

including thermal corrections. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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