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Abstract  8-bromoguanosine is generated in vivo as a biomarker for early inflammation.  Its formation 

and secondary reactions lead to a variety of biological sequelae at inflammation sites, most of which are 

mutagenic and linked to cancer.  Herein, we report the formation of radical cations of 8-bromoguanine 

(8BrG+) and 8-bromoguanosine (8BrGuo+) and their reactions toward the lowest excited singlet 

molecular oxygen (1O2)  a common reactive oxygen species generated in biological systems.  This 

work aims to investigate synergistic, oxidatively generated damage of 8-brominated guanine and 

guanosine that may occur upon ionizing radiation, one-electron oxidation and 1O2 oxidation.  Capitalizing 

on measurements of reaction product ions and cross sections of 8BrG+ and 8BrGuo+ with 1O2 using 

guided-ion beam tandem mass spectrometry, and augmented by computational modeling of the prototype 

reaction system, 8BrG+ + 1O2, using the approximately spin-projected B97XD/6-31+G(d,p) density 

functional theory, the coupled cluster DLPNO-CCSD(T)/aug-cc-pVTZ and the multi-reference 

CASPT2(21,15)/6-31G**,  probable reaction products and potential energy surface (PES) were mapped 

out.  8BrG+ and 8BrGuo+ present similar exothermic oxidation products, and their reaction efficiencies 

with 1O2 increase with decreasing collision energy.  Both single-and multi-reference theories predicted 

that the two most energetically favorable reaction pathways correspond to 1O2-addition to the C8 and C5-

positions of 8BrG+, respectively.  The CASPT2-calculated PES represents the best quantitative 

agreement with the experimental benchmark in that the oxidation exothermicity is close to the water 

hydration energy of product ions and, thus, is able to eliminate a water ligand in the product ions. 
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1.   Introduction 

 Human leukocyte enzymes myeloperoxidase (MPO) and eosinophil peroxidase (EPO), which are 

released in association with helminthic infections and various inflammatory disease processes, can 

selectively catalyze the reaction of bromide (at a physiological plasma [Br] = 20  100 M)1 with 

hydrogen peroxide to form hypobromous acid (HOBr) and hypobromite ion (OBr) in vivo.1-3  Besides 

oxidizing the cellular materials of invading pathogens, excess HOBr and OBr may brominate host DNA, 

proteins and lipids.4-5  Guanine is the preferred purine target for bromination as a free nucleobase, while 

adenine is the major target for bromination in double stranded DNA.4  Stable brominated DNA adducts 

include 8-bromo-2-deoxyguanosine, 8-bromo-2-deoxyadenosine and 5-bromo-2-deoxycytidine.4, 6  

Notably, 8-bromo-2-deoxyguanosine was observed prior to 8-oxo-2-deoxyguanosine (abbreviated as 

OG, the most commonly used biomarker for oxidatively generated DNA damage)7 with respect to the 

order of guanine modifications, suggesting that 8-bromo-2-deoxyguanosine is a biomarker for early 

inflammation.8  Moreover, only 8-bromo-2-deoxyguanosine, not 8-bromo-2-deoxyadenosine nor 5-

bromo-2-deoxycytidine, is a mutagenic lesion.9  8-bromo-2-deoxyguanosine contributes to mutagenic 

and cytotoxic events at inflammation sites, such as the formation of a Hoogsteen base pair with guanine,10 

the promotion of one-base deletion, and the misincorporation of guanine, adenine and thymine 

nucleobases opposite the 8-bromo-2-deoxyguanosine lesion in human cells.9-10  All of the aforementioned 

provide an important link between the formation of 8-bromo-2-deoxyguanosine and cancer.  On the other 

hand, brominated nucleotides are considered potential radiosensitizers11 that form radicals to enhance 

cytotoxic DNA lesions12-14 and promote strand breaks15-16 by the given dose of ionizing radiation in 

radiotherapy for cancer treatment.  In the context of radiosensitivity of brominated nucleosides, most 

research focused on the formation of their radical anions and derivatives via electron attachment.12-16  To 

the best of our knowledge, few studies were carried out concerning the formation of radical cations of 

brominated nucleosides.  

 An important criterion that determines the tendency of a nucleobase/nucleoside to form a radical 



3 
 

cation is adiabatic ionization energy (AIE), which is 7.75 eV for guanine,17-18 8.267 eV for adenine,18-19 

8.66 eV for cytosine18-19 and 8.82 eV for thymine.18, 20  It indicates guanine as the primary target for one-

electron oxidation among the four normal DNA nucleobases.  No experimental AIE is available for the 8-

bromoguanine nucleobase or nucleoside.  According to the B97XD/6-31+G(d,p) prediction, the AIE of 

8-bromoguanine is only 0.01 eV higher than that of guanine.  This implies that, should the 8-

bromoguanine nucleobase and nucleoside form in biological systems, the formation of their radical 

cations is as facile as those of guanine and guanosine.  

 The present work focuses on reactions of the radical cations of 8-bromoguanine (abbreviated as 

8BrG+) and 8-bromoguanosine (8BrGuo+) with electronically excited singlet oxygen O2 [a1g].21-22  1O2 

is a biologically relevant reactive oxygen species that reacts efficiently with celluar constituents including 

proteins, DNA and lipids.23  Guanine represents the exclusive DNA target for 1O2.24-41  The resulting 

primary and secondary damage of guanine nucleobases and nucleosides is implicated in DNA strand 

breaks,42 DNA-protein cross-links,34, 39 mutation43 and apoptosis44 as well as in photodynamic therapy for 

cancer.45  Interestingly, oxidized forms of guanine such as OG are even more susceptible to the 1O2 

oxidation than guanine and guanosine.26, 46-56  However, no study has been reported for the 1O2 oxidation 

of neutral 8BrG, 8BrGuo or their radical cations.  Capitalizing on the formation of 8BrG+ and 8BrGuo+ 

in the gas phase and the measurements of their reactions with 1O2 using a guided-ion beam tandem mass 

spectrometer, and augmented by theoretical modeling at single- and multi-reference levels, we were able 

to delineate their reaction mechanisms, pathways and product structures, and compare the oxidizability of 

8BrG+ with the unsubstituted guanine radical cation.   

2. Experimental and Theoretical Methods 

2.1  Chemicals, instrumentation, and experimental procedures  

 8BrG (Biosynth, 97%), 8BrGuo (TCI, 98%), Cu(NO3)2 (Alfa Aesar, 99.999%), KOH (Fisher 

Chemical, >85%), 2-deoxyguanosine (dGuo, MilliporeSigma, > 99%) and H2O2 (Acros Organics, 35 

wt%) were used as received from commercial sources.  The Cl2 gas (99.5%) was purchased from Sigma-



4 
 

Aldrich.  The He gas (research grade) was purchased from T.W. Smith.  All solvents were HPLC grade. 

 1O2 was produced by the reaction of H2O2 + Cl2 + 2KOH  O2(a1g)/O2(X3g) + 2KCl + 2H2O, 

wherein both O2(a1g) and O2(X3g) were produced.57  The experimental setup for 1O2 generation and 

detection was reported previously.58-59  In brief, 10.5 ml of 8 M KOH was slowly added to 20 mL of 35 

wt% H2O2 in a sparger at -19C.  The cold mixture was then degassed.  3.42 sccm of the Cl2 gas and 53.5 

sccm of the He gas were mixed in a gas proportioner and bubbled through the H2O2/KOH slush.  The 

reaction quantitatively converted Cl2 into a mixture of O2(a1g)/O2(X3g) and produced the O2 gas at the 

same flow rate as that of the Cl2 input.  The gas product passed through a cold trap at -70 C to remove 

water vapor and was thereupon comprised of only O2(a1g)/O2(X3g) and He.  The gas products 

subsequently flew through an emission cell, where the phosphorescence from the O2(a1g,  = 0)  

O2(X3g,  = 0) transition at 1270 nm passed through an optical chopper and a 1270 nm-centered 

interference filter and was focused into a cooled InGaAs detector coupled with a lock-in amplifier.  

Emission intensities were converted to absolute 1O2 concentrations on the basis of a previous 

calibration.59  To reduce wall- and self-quenching of 1O2, the sparger was continuously evacuated and its 

pressure was maintained at 12.8 Torr.  At this pressure, the concentration of 1O2 in the gas product was 

steadily maintained at 15% during the experiment. 

 Ion-molecule reactions of 8BrG+ and 8BrGuo+ with 1O2 were carried out on a home-built guided-ion 

beam tandem mass spectrometer coupled with an electrospray ionization (ESI) ion source.60  Radical 

cations of 8BrG+ and 8BrGuo+ were produced by collision-induced dissociation (CID) of copper(II)-

nucleobase/nucleoside complexes, following an approach which was first developed by Siu et al. for the 

formation of oligopeptide radical cations in the gas phase61 and later applied to the formation of 

nucleobase/nucleoside radical cations by the OHair group62 and Bohme group.63  In the present 

experiment, a methanol/water (v:v = 2:1) solution containing of 0.25 mM 8BrG, 0.25 mM dGuo and 0.25 

mM Cu(NO3)2 was freshly made and sprayed to the air through an ESI needle at a flow rate of 0.06 mL/h.  

The ESI needle was biased at 2.4 kV with respect to ground, the CuII-8BrG-dGuo complexes (wherein 
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dGuo was used as a co-ligand to enhance complex formation)41 formed in the electrospray entered the 

source chamber of the mass spectrometer through a desolvation capillary which was biased at 225 V with 

respect to ground and heated to 181 C.  A 1.0-mm skimmer is located 3 mm away from the end of the 

capillary, separating the source chamber and a radio-frequency (rf) hexapole ion guide.  The skimmer was 

biased at 18 V with respect to ground.  The electrical field between the capillary and the skimmer 

prompted the CID of the CuII-8BrG-dGuo complexes.  Among the complexes, [CuII(8BrG)3-n(dGuo)n]2+ 

underwent redox separation and formed [CuI(8BrG)2-n(dGuo)n]+ + 8BrG+ and [CuI(8BrG)3-n(dGuo)n-1]+ + 

dGuo+.  Under mild heating condition, monohydrated radical cations were generated as well.  The ion-

beam intensities were 1.2  105 counts/s for 8BrG+ and 5  104 counts/s for its monohydrate.  8BrGuo+ 

was produced in a similar way, by electrospray of a mixture of 0.25 mM 8BrGuo, 0.25 mM dGuo and 

0.25 mM Cu(NO3)2 in 2:1 methanol/water.  The ion-beam intensity of 8BrGuo+ was 7  104 counts/s. 

 Radical cations were transported to the hexapole ion guide, where they underwent energy damping 

via collisions with the background gas (at a pressure of 20 mTorr) and therefore were thermalized to room 

temperature and focused in the radial direction.  Ions were then mass selected by a quadrupole mass filter 

and injected into an octopole ion guide that passes a scattering cell containing the 1O2 target gas.  The 

octopole ion guide was driven by a combination of rf potential and DC bias.  The rf potential was used to 

trap ions in the radial direction while the DC bias was used to control the kinetic energy of reactant ions 

in the lab frame (Elab).  The center-of-mass collision energy (Ecol) for ion-molecule reactions was set by 

Ecol = Elab  mneutral/(mneutral + mion) where mneutral and mion are the masses of the neutral and ionic reactants, 

respectively.  After ion-molecule scattering, product ions and remaining reactant ions were collected by 

the octopole and guided into a second quadrupole mass filter for mass analysis.  Ion signals were 

registered using a pulse-counting electron multiplier.   

The gas pressure (including 1O2, 3O2 and He) within the scattering cell was maintained at 0.25 mTorr, 

where radical cations had at most single collisions with O2 molecules.  Under the single ion-molecule 

collision conditions, reaction cross sections were calculated from the ratio of reactant/product ion 
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intensities, the pressure and concentration of 1O2 within the scattering cell, and the effective cell length 

for collisions.  To verify that 8BrG+ and 8BrGuo+ were not reactive toward 3O2, control experiments 

were carried out under the same conditions except that the mixture of pure 3O2 and He was used as the 

target gas for ion-molecule collisions.  No reaction was observed except the CID of 8BrG+ and 

8BrGuo+.   

2.2  Electronic structure calculations 

DFT calculations  Geometries of reactants, intermediate complexes, transition states (TSs) and products 

were fully optimized using the density functional theory (DFT) B97XD/6-31+G(d,p).  This range-

separated functional mitigated self-interaction errors and improved orbital description of radical cations.64  

All TSs were verified to have only one imaginary frequency which corresponds to the anticipated reaction 

pathway.  Intrinsic reaction coordinate (IRC) calculations were carried out to verify that each TS was 

connected to the correct react/product minima.  DFT calculations were performed using Gaussian 16.65  

Atomic charge populations were analyzed using NBO 6.0.66 

One challenge in the DFT calculations concerns the multiconfigurational 1O2 wave function that 

mixes open- and closed-shell characters.67  The spin-restricted DFT is incapable of treating static 

correlation arising from the two degenerate * antibonding orbitals and overestimates the 1O2 excitation 

energy; while the broken-symmetry, spin-unrestricted DFT brings about spin contamination from 3O2.  

The problem exists in both the 1O2 reactant and 1O2-adducts.  The situation becomes more complicated in 

reactions of 1O2 with doublet-state radical cations, which leads to two doublet states and one quartet state 

in products.  To assess spin contamination in reaction potential energy surface (PES), all B97XD/6-

31+G(d,p)-optimized reaction structures were subjected to a T1 diagnostic68-69 at the DLPNO-CCSD(T)/ 

aug-cc-pVTZ level of theory70 using ORCA 4.2.71  The inclusion of a perturbative correction for triple 

excitation in CCSD(T) compensated for the deficiencies of a single-determinant reference to some extent.  

Therefore, CCSD(T) has the capability of handling modest spin contamination. 

Approximate spin projection   The electronic structure of 1O2 computed with broken-symmetry DFT is 
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inherently an equal mixture of singlet 1O2 (↑↓, S = 0) and triplet 3O2 (↑↑, S = 0).  Previous computational 

studies revealed that the effect of spin contamination from the triplet state causes an error of more than 

0.4 eV in the energy of 1O2.72-74  It can be anticipated that spin contamination would affect the reaction 

PES of 1O2 with the radical cation of 8BrG+ (↑, S = 
ଵ

ଶ
).  Specifically, the target doublet state 2[1O2 (↑↓) ••• 

8BrG+ (↑)] in a reactant precursor complex may suffer from an energetically lower-lying quartet state 

4[3O2 (↑↑) ••• 8BrG+ (↑)].  We used Yamaguchis approximate spin projection scheme75 to remove the 

spin contamination for reactants, intermediates, TSs, and products.  The spin-projected energy is given by  

 𝐸 ൌ
〈S෠మ〉HSି〈S෠మ〉౛౮౗ౙ౪

BS

〈S෠మ〉HSି〈S෠మ〉BS 𝐸BS െ
〈S෠మ〉BSି〈S෠మ〉౛౮౗ౙ౪

BS

〈S෠మ〉HSି〈S෠మ〉BS 𝐸HS            (1) 

where 𝐸BS and 〈S෠ଶ〉BS represent the computed total energy and the expectation value of the total spin 

angular momentum operator for a target broken-symmetry state; 𝐸HS and 〈S෠ଶ〉HS are the counterparts for 

the corresponding high-spin state.  When the influence of spin contamination is negligible, the 〈S෠ଶ〉BS 

value for a spin-contaminated solution is close to its exact value (〈S෠ଶ〉ୣ୶ୟୡ୲
BS ሻ defined as 

〈S෠ଶ〉ୣ୶ୟୡ୲
୆ୗ ൌ

ேഀିேഁ

ଶ
ቀேഀିேഁ

ଶ
൅ 1ቁ               (2) 

where 𝑁ఈ and 𝑁ఉ are the number of alpha and beta electrons.  The BS and HS states were set to singlet 

and triplet for the 1O2 reactant, and doublet and quartet for the remaining species, respectively.  Note that 

a direct sum of the pre-computed molecular orbitals for 1O2 (↑↓) and 8BrG+ (↑) was used as an initial 

guess to compute the reactant precursor complex in the correct doublet state 2[1O2 (↑↓) ••• 8BrG+ (↑)].  

Otherwise, a lower-energy but incorrect doublet state 2[3O2 (↑↑) ••• 8BrG+ (↓)] was obtained.  

CASPT2  Energies of the DFT optimized  reaction structure were recalculated using the multi-reference 

active space self-consistent field method CASPT2/6-31G**,76-77 which adds dynamical correlation to the 

CASSCF78 wave function using the second order perturbation theory.  The size of the active space is (9, 

7) for 8BrG+, (12, 8) for 1O2, and (21, 15) for the reaction structures.  The active spaces include the 

pppp and  orbitals in O2, and the  orbitals in 8BrG+ 

that have participated in and/or affected the formation of 1O2-adducts.  Reaction enthalpy reported at the 
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CASPT2/6-31G** level of theory is based on the sum of the CASPT2-calculated electronic energy and 

the 298 K thermal correction calculated at B97XD/6-31+G(d,p) (including ZPE which was scaled by 

factor of 0.975).79  The CASPT2 calculations were carried out using OpenMolcas ver. 21.06,80-81 and the 

shift parameter for ionization potential-electron affinity (IPEA) was set to 0.25 a.u..82 

3.  Results and Discussion 

3.1  Gas-phase structures of 8BrG+ and 8BrGuo+ 

 The neutral 8BrG has various tautomers namely keto_N9H, enol_N9H, keto_N7H and enol_N7H.  

The keto forms are appreciably more stable than the corresponding enol forms in the gas phase, and the 

keto_N7H form is more stable than the keto_N9H form.83  We compared the energies of these tautomers 

at their cation states using the B97XD/6-31+G(d,p) method, and included two rotamers (syn- and anti- 

with respect to the imidazole ring) for each of the enol_N9H and enol_N7H structures.  As depicted in 

Scheme S1 in the Supporting Information, in contrast to their neutral molecular counterparts, the 

keto_N9H cation overwhelmingly dominates in the gas phase with a thermal population of > 97% at room 

temperature.  This structure was therefore used as the reactant structure in data analysis and computations. 

 Scheme 1 compares the spin and charge distributions of 8BrG+ and 8BrGuo+ in their keto_N9H 

forms.  The two species share the same spin density and atomic charge distributions, with the unpaired 

electron delocalized over the C2, N3, C4, C5, O6, N7, C8 and Br atoms and the charge centered on the C4 

and C5 atoms in both systems.  Therefore, it is reasonable to expect that the chemistry of 8BrG+ and 

8BrGuo+ should be alike. 

3.2 Reaction products and cross sections for 1O2 with 8BrG+ and 8BrGuo+.   

 A common feature of the 1O2 reactions with guanine nucleobase ions35-36, 40 and their derivatives41, 56 

is that the reaction is exothermic and has no activation barriers above starting reactants.  As a result, in a 

rarefied gas-phase reaction, heat release is deposited into product internal modes (mostly vibrational 

modes) and causes the decomposition of vibrationally excited product ions into starting reactants in a 

short time scale.  This scenario was also observed in the reaction of 1O2 with 8BrG+, wherein no 
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oxidation product ions survived the ion time-of-flight (~102 s) within our mass spectrometer.  To prevent 

this unfavorable decomposition and capture 1O2-oxidation product ions in the mass spectrometer, our 

strategy is to use hydrated reactant ions.35-36, 40-41, 56  In that case, the reaction heat of formation, which 

would otherwise prompt decomposition of the nascent O2-adduct, is mostly consumed for a water ligand 

elimination and accompanying kinetic energy release.   

Following this idea, ion-molecule collisions of monohydrated 8BrG+H2O with 1O2 were examined. 

Scheme 2 presents various structures of 8BrG+H2O, of which 8BrG+W12b has the water ligand 

hydrogen-bonded to N1-H and N2-H with hydration energy of -0.78 eV and a population of 97% and thus 

represents the most probable monohydrated reaction ion structure.  Figure 1a shows a product ion mass 

spectrum for the reaction of 8BrG+H2O (m/z 247 for the 79Br-only reactant ion) + 1O2 recorded at Ecol = 

0.05 eV as well as reaction cross section measured as a function of Ecol over the range of 0.05 to 0.5 eV.  

Product ions were detected at m/z = 261, which corresponds to the liberation of a water ligand from a 

[8BrG+H2O + O2] adduct.  The reaction is exothermic and has no activation barrier above the reactants, 

as we can judge on the basis of the exothermic type Ecol-dependence of the reaction.  The measurement 

also indicates that the energy release from the 1O2 oxidation of 8BrG+ must be larger than the elimination 

energy of a water ligand in the product ion.  Only under this condition can the reaction system liberate a 

water ligand barrierlessly following the 1O2 addition.  The experimental finding that the oxidation reaction 

enthalpy is no less than the water elimination energy was used as a benchmark to test different 

computational methods utilized in PES calculations. 

Due to the low ion beam intensity of monohydrated 8BrGuo+H2O, we were not able to collect their 

oxidation product ions.  But we managed to detect a small fraction of oxidation product ions from the 

reaction of dry 8BrGuo+ (m/z 361 for the 79Br-only reactant ions) with 1O2, as shown in Figure 1b.  The 

successful capture of the exothermic product ions of dry 8BrGuo+ is presumable because the large 

molecular size of guanosine enhanced intramolecular vibration redistribution (IVR) of reaction heat of 

formation and slowed down complex decomposition, so that a fraction of the [8BrGuo+-O2] adduct (m/z 
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393, as shown in Figure 1b) survived the ion time-of-flight and were detected.   

Reaction cross sections for both 8BrG+H2O and 8BrGuo+ increase with decreasing collision energy.  

The reaction efficiency for 8BrG•+ꞏH2O, estimated as σreaction/σcollision (where σcollision represents the ion-

induced dipole capture cross section84), is up to 9.5% at Ecol  = 0.05 eV, decreasing to 3% at 0.4 eV and 

becoming negligible at Ecol above 0.5 eV.  Due to the aforementioned reason, the efficiency for 8BrGuo•+ 

is much lower compared to that for 8BrG•+ꞏH2O, with the maximum efficiency being 0.15% at the lowest 

Ecol.  Therefore, the experimental measurement of 8BrGuo+ serves only as a qualitative diagnostic to 

confirm that 8BrGuo+ presents a similar reaction product and thermodynamics as those of 8BrG+.  

3.3  Overview of 1O2-addition pathways and products.   

In view of the similar 1O2-oxidation outcomes of 8BrG+ and 8BrGuo, 8BrG+ was used as a 

prototype to map out oxidation product structures and PES.  The ChemDraw structures in Scheme 3 

present reaction intermediates, TSs and products optimized at B97XD/6-31+G(d,p), all of which are 

initialized by the formation of a precursor complex bounded by the electrostatic interaction between 

8BrG+ and 1O2.  Their Cartesian coordinates are provided in the Supporting Information.  The B97XD 

calculations have proposed four different O2-addition pathways following the formation of the precursor.  

The first addition pathway represents a 5,8-concerted cycloaddition of O2 via the transition state 

TS58, leading to the formation of [5,8-OO-8BrG]+.  In [5,8-OO-8BrG]+, the unpaired electron is located 

on the imidazole ring, whereas the positive charge shifts to the 6-membered ring.  The second addition 

pathway can be characterized as C8-terminal O2-addition.  There are two possible routes which lead to the 

same [8-OO-8BrG]+ product ions, but with a syn- and anti-configuration, respectively, with respect to the 

imidazole ring.  The syn- and anti-[8-OO-8BrG]+ can interconvert between each other via TS8b.  The 

syn-[8-OO-8BrG]+ may interconvert to [5,8-OO-8BrG]+ via TS8d, which accounts for an alternative,  

stepwise mechanism for the cycloaddition.   

The last two pathways correspond to C4- and C5-terminal additions, respectively.  The two pathways 

adopt a similar pattern, producing syn- and anti-[4-OO-8BrG]+ and syn- and anti-[5-OO-8BrG]+, 
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respectively.  The [4-OO-8BrG]+ may isomerize to [5-OO-8BrG]+ via TS4d.  In all of the 4, 5, and 8-

peroxides, the spin is centered on the O2 moiety; on the other hand, the charge of [8-OO-8BrG]+ is 

localized on the 6-membered ring, whereas the charges of [4-OO-8BrG]+ and [5-OO-8BrG]+ are 

localized on the imidazole ring. 

The B97XD/6-31+G(d,p)-calculated reaction enthalpies for various reaction pathways are listed in 

Table 1.  Included in the table are the values of <S2> calculated before and after the annihilation of spin 

contamination in wavefunctions.  Theoretically, the value of <S2>  is 0.000 for a pure singlet state and 

0.750 for a pure doublet state.  According to the spin values, only the 1O2 and the precursor complex 

present severe spin contamination.  

3.4  T1 Diagnostic and reaction PES evaluated at DLPNO-CCSD(T) 

A more reliable test for spin contamination was performed using the coupled cluster theory T1 

diagnostic of Lee and Taylor,68-69 wherein 𝑇ଵ ൌ ‖𝑡ଵ‖/√𝑛  (i.e., the Frobenius norm of the single-

excitation amplitude vector divided by the square root of the number of electrons correlated).  

Empirically, a T1 value that is greater than 0.02 for a closed-shell system or greater than 0.03 for an open-

shell system indicates severe multiconfigurational characters or nondynamical correlation effects.   

Table 1 includes the results for <S2> and T1 diagnostic as well as the single-point reaction energies 

calculated at DLPNO-CCSD(T)/aug-cc-pVTZ//B97XD/6-31+G(d,p).  For most reaction structures, the 

<S2> value evaluated at the DLPNO-CCSD(T) level matches that calculated after annihilation at the 

B97XD/6-31+G(d,p) level.  At both levels, the <S2> for the precursor complex is deemed the most 

problematic.  According to the T1 diagnostic, the precursor, TS58 and TS8d have T1 exceeding 0.02.  The 

DLPNO-CCSD(T)-predicted reaction PES is plotted in Figure 2a.  Comparing the reaction energies 

calculated at DLPNO-CCSD(T)/aug-cc-PVTZ vs. those at B97XD/6-31+G(d,p), the largest deviation 

was observed for the precursor, for which the DLPNO-CCSD(T) energy was 1.22 eV higher than the 

B97XD energy.   For the other reaction species, differences between the energies at the two levels of 

theory range from 0.10 to 0.23 eV.  The PES indicates that, among the four different O2-addition 
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pathways, C8-addition is energetically most favorable, followed by the C5- and then the C4-addition.  

The 5,8-cycloaddition is the most energy demanding, regardless of being concerted or stepwise.  

3.5 Reaction energies refined using approximate spin projection 

 As aforementioned, the major discrepancy between the DLPNO-CCSD(T)/aug-cc-pVTZ and 

B97XD/6-31+G(d,p) calculations concerns that the B97XD energy of the precursor appears to be 

suspiciously low.  As demonstrated by the spin configurations in Scheme 4, the DFT calculation without 

using a suitable initial guess produced a lower-energy doublet state for the precursor (-1.79 eV with 

respect to the separated 8BrG+ + 1O2) by combining 8BrG+ (↓, S = 
ଵ

ଶ
 and mS = െ

ଵ

ଶ
) with 3O2 (↑↑, S = 1) 

but not with 1O2 (↑↓, S = 0).  This state is energetically close to the quartet state (-1. 77 eV) that consists 

of 8BrG+ (↑, S = 
ଵ

ଶ
 and mS = ൅

ଵ

ଶ
) and 3O2 (↑↑, S = 1).   The use of a good initial guess gave the higher-

lying target doublet state that correctly combines 8BrG+ (↑, S = 
ଵ

ଶ
 and mS = ൅

ଵ

ଶ
) and 1O2 (↑↓, S = 0), with 

a relative enthalpy of -0.58 eV after the approximate spin projection correction.  

 As a general observation, the restricted B97XD overestimated reaction exothermicity due to the lack 

of static correlation, while the broken symmetry BS-uB97XD predicted all reactions as being 

endothermic (due to large spin contamination).   It is mostly related to the energy calculations of the 1O2 

reactant and the precursor complex.  To obtain accurate PES, the Yamaguchis approximate spin 

projection72-74 was adopted to correct for spin contamination in 1O2 and in the precursor complex.  Note 

that the late-stage complexes and TSs are dominated by single electronic states, thus spin contamination is 

no longer a serious issue.  

Figure 2b reports the spin-projected B97XD/6-31+G(d,p) PES, and the corresponding reaction 

energies are appended to Table 1.  The spin-projected PES lies approximately 0.5 eV higher in energy 

than that calculated at the DLPNO-CCSD(T) level.  Consequently, the spin-projected DFT calculations 

predict that the C5- and C8-addition pathways are exothermic, whereas the C4-addition and 5,8-

cycloaddition are endothermic by ~0.3 eV. 
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The major discrepancy between the spin-projected DFT calculation results and the ion-beam 

experiment is that, according to the spin-projected reaction PES, no product channel has reaction heat of 

formation high enough to overcome the water hydration energy (in the range of -0.78 to -0.8 eV, as 

shown in Scheme 2) of the corresponding product ions.  This implies that the approximate spin projection 

has not sufficiently corrected for spin contaminations.  Otherwise, no water-eliminated oxidation product 

ions would have been detected in the experiment.   

3.6  Multiconfigurational PES assessed at CASPT2 and Comparison with Experimental Benchmark 

  The CASSCF theory78, 85 is another approach for treating multi-configuration reaction PESs.  

However, CASSCF includes primarily nondynamical electron correlation and thus electron correlation 

energy is treated in an unbalanced way, only that corresponding to active orbitals (i.e., static correlation) 

is considered.  As a result, CASSCF tends to significantly increase reaction activation barriers and 

product energies as we observed in the CASSCF-calculated reaction PESs for 1O2 with neutral guanine,34 

9MG+ 40 and 9MOG+ (radical cation of 9-methyl-8-oxoguanine).41  As a workaround to this problem, we 

adopted the CASPT2 method which includes second-order perturbation theory in CASSCF to correct for 

dynamical correlation.  A composite CASPT2/DFT approach (i.e., single-point CASPT2 energy 

calculations of DFT-optimized geometries) was able to produce correct PESs for the 1O2 reactions with 

neutral alkenes,67 1,3-cyclohexadiene,34, 86 neutral guanine and histidine,87 and 9MG+ and 9MOG+.40-41 

 Figure 2c presents the CASPT2-calculated reaction PES.  Their energy values are listed in Table 1 as 

well.  For most reaction species, the CASPT2 energy is 0.3 – 0.5 eV higher than the DLPNO-CCSD(T) 

energy but 0.2 – 0.4 eV lower than the spin-projected B97XD energy.  The exception is the precursor 

complex, for which the CASPT2 energy is 0.65 eV lower than both DLPNO-CCSD(T) and spin-projected 

B97XD-calculated values.  On the basis of the CASPT2 PES, the most probable product channel 

corresponds to reactants  precursor  TS8c (H = -0.84 eV) syn-[8-OO-8BrG]+ (H = -0.79 eV), 

followed by reactants  precursor  TS8a (-0.68 eV) anti-[8-OO-8BrG]+ (-0.75 eV) and reactants  

precursor  TS5a (-0.75 eV) anti-[5-OO-8BrG]+ (H = -0.73 eV).  The hydration energy for syn-/ 
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anti-[8-OO-8BrG]+ and anti-[5-OO-8BrG]+ are all -0.8 eV (see Scheme 2).  Therefore, the CASPT2-

calculated exothermicity for each of the three probable product ions, combined with the thermal energies 

(0.2 eV) of the reactants, is sufficient to eliminate a water ligand in the syn-/anti-[8-OO-8BrG]+ꞏH2O or 

anti-[5-OO-8BrG]+ꞏH2O product.  The CASPT2 PES is thus consistent with the experimental 

benchmark, rendering itself the most reliable theory for treating the present reaction system.  

3.7  Effects of the C8-Br substitution revealed by comparison with the 1O2 oxidation of G+  

 Qualitatively, 8BrG+ and the unsubstituted G+ 40-41 present the same reaction mechanism toward 1O2.  

In both cases, the C8-addition presents the energetically most favorable pathway, followed by the C5- and 

then the C4-addition.  In both cases, a cycloaddition to form an endoperoxide is neither kinetically 

favorable nor energetically feasible at low energies.  This is opposite to the 1O2 reactions with closed-

shell, neutral guanine molecule24 or its protonated ions,35-36 wherein the cycloaddition dominates. 

 Quantitatively, the reaction efficiency of 8BrG+ with 1O2 is 9.5% at Ecol  = 0.05 eV, decreasing to 3% 

at 0.4 eV.  For comparison, the efficiency of G+ with 1O2 is only 2% at Ecol  = 0.05 eV, decreasing to 

1.4% at 0.1 eV.  Therefore, the reactivity of 8BrG+ is 5-fold higher than that of the unsubstituted G+.  

This enhanced reactivity may be interpreted in terms of electronic structures and reaction energetics:  

first, there exist conjugative interactions between the two 2π± orbitals of O2 and the 4py, and 4pz orbitals of 

Br in the syn-[8-OO-8BrG]+ product ion, as demonstrated by the molecular orbitals in Figure 2d.  Similar 

conjugation may be expected in the anti-[8-OO-8BrG]+ product too.  Such conjugate effects, which 

appear only in the 8BrG+ oxidation products, help attract the reaction system toward the [8-OO-8BrG]+ 

products; secondly, the CASPT2-calculated activation free energy (G‡) is -0.35 eV for the C8-addition 

to 8BrG+ vs. -0.21 eV to G+, which renders the reaction of 8BrG+ more kinetically favorable.  We had 

assumed that the enhanced reactivity might also be related to the electron-withdrawing nature of the Br 

atom.  To this end, we performed charge analysis for the TS8c and syn-[8-OO-8BrG]+ structures along 

the most probable reaction pathway, and compared them with the same type of transition state and 

product in the reaction of G+.  It was found that the Br substituent does influence the electron density at 
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the C8-position, but not to the extent that would significantly promote an electrophilic addition.  

4.   Conclusions 

A gas-phase guided-ion beam scattering study was carried out for the reaction of 1O2 with 8BrGuo+ 

and its prototype system 8BrG+, augmented by computational explorations of the reaction PES for the 

model system.  The measurement of reaction cross sections and their Ecol dependence for 

8BrG+/8BrGuo+ + 1O2 indicates that both reactions produce exothermic products and have no activation 

barriers leading to products; more specifically, the exothermicity of the oxidation reaction is sufficiently 

large that it is enough to eliminate a water ligand in monohydrated peroxide products.  Among the various 

single- and multi-reference levels of theory and approximate spin projection approach utilized in PES 

calculations, the CASPT2(21,15) theory provided the best description of the reaction as well as a 

quantitative agreement with the experimental data.  The comprehensive theoretical modeling has deemed 

the C8-peroxide as the kinetically most favorable and thermodynamically most feasible product.  Finally, 

the fact that 8BrG+ has a much higher reactivity toward 1O2 than the unsubstituted G+ has manifested the 

influence of the 8-Br substituent both in product electronic structure and in reaction kinetics.  The results 

of this work are of particular interest in biological systems as it illustrates the synergistic, oxidatively 

generated damage of 8BrG+ and 8BrGuo+ that can occur upon one-electron oxidation, ionizing radiation 

and 1O2 oxidation.  
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Table 1. Relative enthalpies (eV, 298 K) calculated at the DFT, CCSD(T) and CASPT2 levels of theory,  

and the <S2> and T1 diagnostics of wave functions 

 

Species 

Reaction energies (eV) <S2> and T1 diagnostics 

B97XD/6-31+G(d,p) DLPNO-CCSD(T)/ 

aug-cc-pVTZ a 

CASPT2/ 

6-31G** a 

<S2> at B97XD DLPNO-CCSD(T) 

restricted spin projected before b after c <S2> T1 

8BrG⁺ 
0.0 0.0 0.0 0.0 

0.7663 0.7502 0.75185 0.017557 
1O2 (1.0039) (0.0314) 0 0.014569 

precursor -1.79 -0.58 -0.57 -1.22 1.7524 0.8335 0.86155 0.025742 

C5, C8-cycloaddition 

TS58 0.37 1.02 0.54 0.77 0.7689 0.7501 0.75055 0.023977 

[5,8-OO-8BrG]˙⁺ -0.30 0.35 -0.29 0.19 0.7553 0.7500 0.75022 0.0151281 

C8-terminal addition 

TS8a -0.86 -0.20 -0.64 -0.68 0.8748 0.7520 0.75230 0.0185131 

TS8b -0.98 -0.33 -0.86 -0.55 0.7539 0.7500 0.75020 0.0174640 

TS8c -1.06 -0.40 -0.92 -0.84 0.8044 0.7506 0.75182 0.0188697 

TS8d 0.51 1.16 0.52 0.69 0.8250 0.7507 0.75043 0.0217877 

syn-[8-OO-8Br-G]˙⁺ -1.17 -0.51 -1.08 -0.79 0.7540 0.7500 0.75021 0.0178268 

anti-[8-OO-8Br-G]˙⁺ -1.14 -0.48 -1.03 -0.75 0.7539 0.7500 0.75021 0.0178870 

C4-terminal addition 

TS4a -0.39 0.26 -0.15 0.06 0.7614 0.7501 0.75039 0.0191308 

TS4b -0.31 0.35 -0.14 0.19 0.7544 0.7500 0.75022 0.0182988 

TS4c -0.40 0.26 -0.19 0.26 0.7580 0.7500 0.75031 0.0189465 

TS4d 0.04 0.70 0.24 0.60 0.7570 0.7500 0.75052 0.0199381 

syn-[4-OO-8Br-G]˙⁺ -0.37 0.28 -0.21 0.11 0.7544 0.7500 0.75022 0.0184379 

anti-[4-OO-8Br-G]˙⁺ -0.37 0.29 -0.16 0.11 0.7552 0.7500 0.75023 0.0184753 

C5-terminal addition 

TS5a -1.01 -0.35 -0.85 -0.75 0.8631 0.7517 0.75258 0.0183593 

TS5b -1.04 -0.38 -0.88 -0.52 0.7545 0.7500 0.75022 0.0182072 

TS5c -1.06 -0.40 -0.88 -0.51 0.7887 0.7504 0.75130 0.0184958 

syn-[5-OO-8Br-G]˙⁺ -1.11 -0.45 -0.95 -0.50 0.7544 0.7500 0.75022 0.0182176 

anti-[5-OO-8Br-G]˙⁺ -1.12 -0.46 -0.95 -0.73 0.7549 0.7500 0.75024 0.0185048 

a) using ωB97XD/6-31+G(d,p)-optimized geometries  
b, c) before and after the annihilation of spin contamination. Values in parentheses were obtained by BS-
uB97XD calculations.   
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Scheme 1  The lowest-energy structures of 8BrG+ and 8BrGuo+ optimized at the B97XD/6-

31+G(d,p) level of theory, with atomic numbering schemes.  Spin densities are represented 

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

coordinates are available in the Supporting Information. 
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Scheme 2  Structures, hydration energies and relative populations of 8BrG+H2O, and the oxidation 

products of the most stable monohydrate.  All were calculated at the B97XD/6-31+G(d,p) 

level of theory.  Their Cartesian coordinates are available in the Supporting Information. 

monohydrated 8BrG+ 
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Scheme 3  Reaction pathways for the 1O2 addition to 8BrG+.  Cartesian coordinates for these structures 

are available in the Supporting Information.     
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Scheme 4  Spin distributions for the different electronic states of the precursor complex, wherein the 

numbers indicate NBO spin densities.  
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Figure Caption 

Fig. 1 Product cross sections for the 1O2 reactions with (a) 8BrG+ꞏH2O and (d) 8BrGuo+.  Insets show 

product ion mass spectra, wherein scale factors for the peak intensities of product ions are 

indicated. 

Fig. 2 (a  c) Reaction PES for the 1O2 addition to 8BrG+ calculated at different levels of theory, and 

(d) the conjugation interactions between (O2) orbitals and 4px/4py(Br) orbitals.   
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Fig. 1 
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Fig. 2 
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