Spin-Orbit Charge Transfer from Guanine and 9-Methylguanine Radical Cations to
Nitric Oxide Radicals and The Induced Triplet-to-Singlet Intersystem Crossing

Jonathan Benny™® and Jianbo Liu*®®
?Department of Chemistry and Biochemistry, Queens College of the City University of New York, 65-30
Kissena Blvd., Queens, NY 11367, USA; ° The Ph.D. Program in Chemistry, the Graduate Center of the
City University of New York, 365 5th Ave., New York, NY 10016, USA

Abstract Nitric oxide (*"NO) participates in many biological activities, including enhancing DNA
radiosensitivity in ionizing radiation-based radiotherapy. To help understand the radiosensitization of
*NO, we report reaction dynamics between *NO and the radical cations of guanine (a 9HG*" conformer)
and 9-methylguanine (9MG*®"). On the basis of the formation of 9HG*" and 9MG"*" in the gas phase and
the collisions of the radical cations with *NO in a guided-ion beam mass spectrometer, the charge transfer
reactions of 9HG*" and 9MG*" with *NO were examined. For both reactions, the kinetic energy-
dependent product ion cross sections revealed a threshold energy that is 0.24 — 0.37 eV above the 0 K
product 9HG (or 9MG) + NO" asymptote. To interrogate this abnormal threshold behavior, the reaction
potential energy surface for [9MG + NO]" was mapped out at closed-shell singlet, open-shell singlet, and
triplet states using density functional and coupled cluster theories. The results showed that the charge
transfer reaction requires the interaction of a triplet-state surface originating from a reactant-like precursor
complex *[IMG**(T):(T)"NO] with a closed-shell singlet-state surface evolving from a charge-transferred
complex '[9MG-NO']. During the reaction, an electron is transferred from a n*(NO) to a perpendicular
1*(9MG) which introduces a change in orbital angular momentum. The latter offsets the change in
electron spin angular momentum and facilitates intersystem crossing. The reaction threshold in excess of
the 0 K thermochemistry and the low charge-transfer efficiency are rationalized by the vibrational

excitation in the product ion NO" and the kinetic shift arising from a long-lived triplet intermediate.
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1. Introduction

The oxidation potentials (E° vs. NHE) of the DNA nucleosides increase in the order of 1.29 V
(guanosine) < 1.42 V (adenosine) < 1.6 V (deoxycytidine) < 1.7 V (thymidine)."? In parallel, the
adiabatic ionization potentials (IP) of the corresponding nucleobases and other DNA components increase
in the order of 7.75 eV (guanine, abbreviated as G)>* < 8.27 eV (adenine, A)** < 8.66 eV (cytosine, C)**
< 8.82 eV (thymine, T)** in the gas phase, and 4.42 eV (G)’ <4.81 eV (A)’ <4.91 eV (C)’ <5.05 eV
(T)’ < 8.4 (POs)*7 < 8.9 (HPO, )7 < 9.5 (H,PO47) 7 <9.4—-9.7 eV (deoxyribose)”® in the solution.
It indicates guanine as a dominant DNA target for one-electron oxidation and ionization. Pairing G with
C in duplex DNA further decreases the £° of G by 0.3 V*'* and IP by 0.8 eV.'"!> Compared to a G
monomer, the £° of a GGG oligomer reduces by 0.3 V'* and the IPs of the GG,'*'® GGG'*' and
GGGG" sequences reduce by 0.47, 0.68 and 0.77 eV, respectively. These facts rationalize the facile
formation of the guanine radical cations (G**) upon photoionization,* '’ ionizing'® '* and ion-beam
radiation,”” oxidation by DNA-binding transitional metal,*""* electrocatalytic oxidation,?
photooxidation,* etc. Besides, holes created at other nucleobases may migrate to guanine sites,”
rendering the formation of G** the ultimate trap for the oxidatively generated damage to DNA."

The formation of G** initiates various DNA lesions.?**! An intriguing question is whether and how
the G*" lesions involve reactive oxygen species (ROS)** and reactive nitrogen species (RNS)**-
generated during pathologic events. In this regard, our laboratory has recently reported the reactions of
the radical cations of guanine nucleobases, nucleosides and base pairs with a major ROS found in
biological systems — the lowest electronically excited singlet molecular oxygen ('0,).>**" In the present
work, we expanded our research to the chemistry of G** with nitric oxide radicals (*NO). In living
systems, *NO is produced by three nitric oxide synthase (NOS) isozymes, named endothelial (eNOS),
neuronal (nNOS) and inducible NOS (iNOS).*® eNOS and nNOS produce *NO at a rate of 1.2
mmol/day,39 which serves as a neurotransmitter, modulates vasorelaxation, and inhibits platelet

aggregation.”® However, upon bacterial infection, *NO is produced up to 10 — 100 times more by the
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iNOS of macrophages.*” While it adds to the host defense mechanism, the overproduced *NO (at a

local concentration of 10* molecules/cell-s)* induces oxidative and nitrative stress in cells. It damages

cells via DNA base deamination,* strand breaks and cross-links,* and causes mutation,**

4648 and tumors.®’

carcinogenesis
The development of protection against *"NO-generated damage requires the evaluation of implicated
targets and products. *NO can diffuse freely through the cell membrane®® and travel a significant distance

during its lifetime of 3 — 30 s.*>>"3 Throughout this timespan, *NO may form N,O; (with NO,),**

ONOO~ (with 0,7) and transition metal-nitrosyl,* which in-turn converts guanine to 8-nitroguanine*®
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or 8-oxoguanine. *NO also directly and actively reacts with myoglobin®® and hemoglobin
in extracellular space and non-heme iron, tyrosyl radicals, tryptophanyl radicals, and peroxyl radicals
inside cells.”* " With that proviso, it is worth mentioning the enhancement effect of *NO on the
radiosensitivity of DNA inside tumor cells in ionizing radiation-based radiotherapy.®*’*> The
radiosensitization of *NO arises from its reactions with short-lived DNA radicals generated upon
radiation.®> *% 71737 However, there exist only a few studies on this subject, all of which focused on the
*NO reactions with the *OH adducts of purine and pyrimidine.®* ™ To the best of our knowledge, no
experiment or theoretical work has addressed the interaction between *NO and nucleobase radical cations
directly.

The present work has investigated the charge transfer reactions of *NO with the radical cations of
guanine (9HG*", i.e., keto-N9H)" and a guanosine-mimicking compound 9-methylguanine (9MG*", in
which the methyl group mimics the nucleoside sugar). Capitalizing on the guided-ion beam tandem mass
spectrometry experiment, we measured the kinetic energy-dependent product ion cross sections and
determined reaction threshold energies. To help interpret the charge transfer reaction mechanism,
reaction dynamics, and product energetics, we examined the reaction potential energy surfaces (PESs) at
open-shell singlet, closed-shell singlet, and triplet states using density functional theory (DFT) and

coupled cluster theory. The combined experimental and theoretical work allowed us to delineate the



various aspects of the radical-radical reaction, including the internal conversion (IC) between an open-
shell and a closed-shell singlet state, the intersystem crossing (ISC) between a triplet and a singlet spin
multiplicity, and the properties of different intermediate complexes formed along the charge transfer
process.
2. Experimental and Theoretical Methods
2.1 Chemicals, Instrumentation, and Experimental Procedures

Deoxyguanosine (dGuo, Sigma, > 99%), 9IMG (Chemodex, > 98%), Cu(NOs), (Alfa Aesar,
99.999%), and the *NO gas (Linde, > 99.5%) were all obtained from commercial sources and used
without further purification. Solvents were HPLC grade. Ion-molecule reactions were measured on a
home-built guided-ion beam tandem mass spectrometer consisting of, in a sequential order, an
electrospray ionization (ESI) source, a radio-frequency (rf) hexapole ion guide, a reactant quadrupole
mass filter, a rf octopole ion guide surrounded by a scattering cell, a product quadrupole mass filter, and
an electron multiplier detector. The apparatus, along with the operation and data acquisition procedures,
was reported before.”® Only a brief description was given below, emphasizing the instrumentation
parameters used in the experiment.

9HG*" and IMG** were produced by collision-induced intramolecular electron transfer and
dissociation of Cu'-nucleoside/nucleobase complexes, following an approach that was first developed by
Siu et al. to form oligopeptide radical cations in the gas phase’’ and later adopted by O’Hair,”® Bohme "
and their co-workers to form gaseous nucleobase and nucleoside radical cations. To generate 9HG™*,
Cu"-dGuo complexes were made in a 3:1 (v:v) methanol/water solution containing 0.25 mM dGuo and
0.25 mM Cu(NOs3),. The solution was electrosprayed into the ambient atmosphere at a flow rate of 0.06
mL/h, and the electrospray needle was biased at +2400 V relative to ground. Positively charged droplets
entered the source chamber of the mass spectrometer through a desolvation capillary. The temperature of
the capillary was maintained at 190 °C. A skimmer of 1.0-mm-diameter orifice is located 3 mm away

from the end of the capillary, separating the source chamber and the hexapole ion guide for differential



pumping. The capillary and the skimmer were biased at 104 V and 20 V, respectively, relative to ground.
The electric field formed between the end of the capillary and the skimmer cone promoted collision-
induced dissociation (CID) of the Cu"-dGuo complexes with the background gas within that region
(which was maintained at a 1.6 Torr pressure). Among these complexes, [Cu"(dGuo);]*** underwent
redox separation and formed [Cu'(dGuo),]" + dGuo**. A fraction of the dGuo®" ions eliminated the sugar
group and produced 9HG*",”*” i.e., dGuo®*" — 9HG** + CsHz0;. This procedure produced guanine
radical cations only in the O6-keto-N9H conformer, without interference from other guanine conformers
that would appear if a mixture of Cu(II) with free guanine were used in ESI. The intensity of the 9HG*"
ion beam was 3 x 10° counts/s. Likewise, 9MG*" was produced by the dissociation of [Cu"(9MG);]*",
and the ESI solution was prepared using equimolarity (0.25 mM) of 9MG and Cu(NOs); in
methanol/water. The 9MG*" ion beam intensity was 4.6 x 10° counts/s.

lons were skimmed and transported to the hexapole ion guide, which operated at a pressure of 5 — 10
mTorr. The hexapole was driven by a combination of rf potential and DC bias. The rf potential trapped
ions in the radial direction at the time when ions were having thermalizing collisions with the background
gas within the hexapole. Our previous calibration experiment’® indicated that, after passing the hexapole,
ions were focused to a well-defined kinetic energy with an average value equal to the hexapole DC bias
potential, and their internal (vibrational and rotational) energies were thermalized to Maxwell-Boltzmann
distributions at 310 K. In a UV-Vis action spectroscopy study of 9HG*" and 9MG*" by Tureéek et al.®’
and a multiple-photon dissociation (IRMPD) study of 9MG*" by O'Hair et al.,*' 9HG** and OMG** were
generated via the similar redox separation reactions of Cu(Il)-guanosine/9MG complexes. According to
spectroscopy characterization, both 9HG*" and 9MG*" adopt the canonical O6-keto-N9H/CH3
conformation, although the O6-keto tautomer is energetically close to an O6-enol tautomer. One
difference between the literature work and the present study is that in the works of Ture¢ek®® and
O'Hair,*' Cu(Il)-complexes were first mass-selected followed by CID within an ion trap at a He bath gas

pressure of ~10 mTorr. In the present work, 9HG*" and 9MG*" were generated by CID of Cu(Il)-



complexes in the ion transfer region, at a pressure of 1.6 Torr (mostly air and a small fraction of solvent).
It might be possible to induce isomerization of 9HG*" and 9MG*" at a relatively high gas pressure and in
the presence of solvent molecules.** % We were not able to measure ion spectroscopy in the experiment
but expected that the majority of 9HG"" and 9MG*" should remain in the O6-keto-N9H/CHj structure for
two reasons. First, the ion beam was passed to the hexapole for thermalization with the background gas.
Any high-energy isomers, if formed, would have most likely relaxed to the thermal equilibrium
population at 310 K. Furthermore, we measured the base-pair CID of [IMG-9MG]*™** and
[OMG-1MC]*".% The comparison of the 0 K base-pair dissociation energies and the calculated energies of
various base-pair structures consisting of guanine O6-keto, O6-enol and N3-imino isomers suggested that
O6-keto is the predominant tautomer presented in the ion beam.

Radical ions of interest were mass selected by the reactant quadrupole mass filter and injected into the
octopole ion guide, which guided ions through an 11-cm long scattering cell filled with *NO. Similar to
the hexapole, the octopole was driven by a superimposed DC potential on an rf voltage. The DC potential
was used to decelerate/accelerate reactant ions at the octopole entrance to a desired kinetic energy in the
laboratory frame (Eib). The absolute zero of Eip and its full width at half-maximum (FWHM) were
determined in a retarding potential measurement’® * by scanning the DC potential on the octopole. In
ion-molecule collisions, Eia is converted to the center-of-mass collision energy (Ecwm), i.e., Ecm = Elap X
Mineutral/ (Mineutral T Mion) Where Mineural and mion are the masses of the neutral and ionic reactants, respectively.
The uncertainty in the absolute scale of Ej., was less than 0.1 eV, and the FWHM of the kinetic energy
spread was 0.65 eV. These represented an uncertainty of < 0.02 eV and a FWHM of 0.1 eV in the Ecum
for the reaction of 9HG*'/9MG*" with *NO. The reaction was studied over an Ecy range from 0.05 to 7
eV, so that both exothermic and endothermic reactions could be detected. After ion-molecule collisions,
any product ions and the remaining reactant ions drifted to the end of the octopole and were refocused via
a set of Einzel lenses into the product quadrupole mass filter. Ion signals were mass analyzed and

registered using the pulse-counting electron multiplier.



To assure that the reaction was resulting from single ion-molecule collisions, the *NO pressure within
the scattering cell was maintained at 0.023 mTorr. At this gas pressure, the probability of an ion
undergoing a single collision with *NO was 4%, and that for double collisions or more was < 0.2%.
Under this thin-target condition, reaction cross sections could be calculated from the ratio of product/
reactant ion intensities (after correcting for the background ion intensities when the *NO gas was no
longer directed into the scattering cell’), the gas pressure within the scattering cell, and the effective cell
length, following the Beer-Lambert law.?” The experiment was repeated four times to determine the
standard deviation (i.e., relative uncertainty in the measurement). The uncertainty in absolute cross
sections was estimated to be < 20%. The measured cross sections did not change when the *NO pressure
was increased to 0.05 mTorr, which verified the single-collision condition and thin-target approximation.
2.2 Guided-Ion Beam Data Analysis

The kinetic energy dependence of the endothermic charge-transfer product ion cross sections was

modeled using a modified line-of-centers (LOC) function:***!

(Ecm + Evip + Erot — Eo)™
O'(E) =0, CM VIECM rot 0 (1)

Here oy is an energy-independent scaling factor, Ecw is as defined above, Eyi, and Er are the reactant
vibrational and rotational energies, Ey is the 0 K reaction threshold energy, and # is a fitting parameter
that determines the efficiency of translational-to-internal energy transfer (7 — FEin) in collisions and
therefore controls the slope of o(F).

The energy dependence of experimental reaction cross sections is known to be broadened by the
internal and kinetic energy distributions of reactant ions and the thermal motion of neutral reactants.”> %
To compare with the experimental cross sections, the o(F) function needs to be convoluted over the
experimental energy broadening and kinetic factors. For this purpose, a Monte Carlo ion-molecule

collision simulation program®>**

was used to mimic experimental collisions. At each nominal Ecw, a
total of 100000 ion-molecule collisions were simulated. In these collisions, the *NO molecules were

sampling a Maxwell-Boltzmann kinetic energy distribution and rotational energy at the scattering cell



temperature of 300 K (*°NO has negligible excited vibrational states at 300 K). The primary ions were
sampling Eib (corresponding to the desired Ecyv) with a FWHM of 0.65 eV in the laboratory frame and
Eyip and E;o from the normalized vibrational and rotational Maxwell-Boltzmann energy distributions at
310 K. The established energy distributions were then sampled into o(£) fitting. To account for kinetic
shift™ (i.e., excess energy is required to observe detectable dissociation of a product-like ion-molecule
complex within the ion time-of-flight in the mass spectrometer),’® each collision that had total energy
exceeding Ey was subjected to Rice-Ramsperger-Kassel-Marcus (RRKM) analysis’’ to determine if the
product-like complex (see below) would lead to a dissociation within the ion time-of-flight (100 — 500
us) or not.

A leveling-off function was used in the fitting to allow o(E) to reach a plateau at high Ecm. The
rising curvature of o(F) is highly sensitive to £y and 7, and their values were adjusted until the convoluted
o(E) matched the experiment.

2.3 Electronic Structure and PES Calculations

Geometries of reactants, intermediates, and products were optimized using the ®B97XD functional
coupled with the 6-31+G(d,p) basis set. This range-separated functional mitigated self-interaction errors
and improved orbital descriptions of radical cations.”® For relaxed PES scans, all the bond lengths and
angles were optimized at each grid point except the scanning coordinate(s). DFT calculations were
performed using the Gaussian 16 suite of programs.”® To evaluate the open-shell singlet state of the
reaction system, broken-symmetry (BS), unrestricted DFT calculations were carried out using the Guess =
Mix option, and the initial BS electron density guess was generated by fragment wave functions with
specific settings.'” Reaction enthalpies (AH) were calculated at 0 K and included zero-point energies
(ZPEs), which were scaled by 0.975.!°" Atomic charge and spin density were analyzed using the Natural
Orbital Analysis Program NBO 6.0.'”

To assess whether spin contamination poses an issue for the DFT-calculated PESs, DFT-optimized

103, 104

reaction structures were subjected to T1 diagnostic and single-point energy calculation using the



domain-based local pair-natural orbital coupled-cluster single-, double- and perturbative triple-excitations
method DLPNO-CCSD(T)'*® coupled with the aug-cc-pVTZ basis set. The inclusion of a perturbative
correction for triple excitation in CCSD compensates for the deficiencies of a single-determinant
reference to some extent. With partial inclusion of non-dynamical correlation effects, CCSD(T) may
handle modest spin contamination. For closed-shell systems, CCSD(T) is considered a gold standard'® of
quantum chemistry, with its accuracy comparable to experiments. The DLPNO-CCSD(T) calculations
were carried out using the ORCA Quantum Chemistry Program ver. 4.2,'07-1%
3. Experimental Results and Analysis
3.1 Charge-Transfer Thresholds Calculated from Thermochemistry

The adiabatic IPs (corresponding to 0 K values) of 9HG and 9MG were calculated to be 7.69 and 7.53
eV, respectively, at the ®B97XD/6-31+G(d,p) level of theory; and 7.78 and 7.63 eV, respectively, at the
composite DLPNO-CCSD(T)/aug-cc-pVTZ//@B97XD/6-31+G(d,p) levels. Using the CCSD(T)
calculations extrapolated to the complete basis set limit (CBS), Turecek and coworkers reported a
benchmark IP value of 7.97 eV for 9HG.*" ' For comparison, the adiabatic IP of free guanine was
measured to be in a range of 7.75 to 8.17 eV using the VUV photoionization efficiency (PIE) method.***
Since free guanine has four N-bonded H atoms that can potentially migrate, there existed in the gas-phase
sample at least four low-energy neutral guanine tautomers (i.e., O6-keto-N9H, O6-keto-N7H, O6-enol-
NOH and O6-enol-N9H-trans) within a 0.1 eV energy range and another four tautomers (i.e., O6-enol-
N7H, 06-keto-N7H-imino, O6-keto-N7H-imino-cis and O6-keto-N7H-N3H) within 0.28 eV.> The range
of the experimental guanine IP thus represents the contributions of different tautomers that were
populated in the experiment, and the lowest PIE threshold (7.75 eV) can be reasonably assigned to the
global minimum 9HG tautomer. It appears that the combined DLPNO-CCSD(T)//@B97XD theories were
able to reproduce the experimental 9HG IP most closely. No experimental IP data was available for
OMG. Since the DLPNO-CCSD(T)-calculated IP for 9HG is within 0.03 eV of the experimental data, we

tend to assume a similar accuracy for the DLPNO-CCSD(T)-calculated IP for IMG.
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A high-precision adiabatic IP, 9.2643 + 0.0005 eV, was reported for *NO in a pulsed-field ionization
photoelectron (PFI-PE) experiment.''® Based on the compiled experimental and calculated reactant and
product adiabatic IP values, the 0 K thermodynamic thresholds for the charge transfer reactions are:

9HG"*" + °NO — 9HG (singlet) + NO" AH(O0K)=1.51¢eV ()

IMG"** + °NO — IMG (singlet) + NO* AH (0K)=1.63 eV 3)

Reactions (2) and (3) have only considered ground electronic-state 9HG and 9MG in the products, as
the triplet excited-state 9HG and 9MG lie in energy more than 3 eV higher than their singlet counterparts.
As verified by the charge-transfer product ion cross sections (see below), there is no obvious contribution
from a triplet product at higher collision energies.

3.2 Guided-Ion Beam Results

Product ion cross sections and reaction efficiencies  The charge transfer reactions (2) and (3) were
measured over a center-of-mass Ecy range of 0.05 — 7 eV. Cross sections for the product ions (NO") are
presented in Figure 1, wherein error bars represent standard deviations determined on the basis of four
sets of measurements. Figure 1 also indicates, as vertical lines, the product asymptotic energies, i.e., the
AH (0 K) for reactions (2) and (3). It can be seen that the actual cross sections rise from zero at a Ecm
close to but slightly above the 0 K product asymptotes or thermodynamic thresholds.

For both reaction systems, the charge-transfer cross section increases with increasing collision
energy, as we could expect for an endothermic process, and the cross section reaches a plateau at Ecm of 6
— 7 eV before it declines. There is no inflection in the cross section when Ecwm reaches the threshold
energy (4.7 — 4.9 V) for producing NO™ and the triplet excited state of 9HG or 9MG. The conclusion is
that the conversion to a singlet-state product channel is exclusive. The collision cross sections (ocoliision)
for the reaction systems were calculated using the orientation-averaged projected area method available in
the IMoS program.''"''? The molecular geometries and polarizabilities needed for the IMoS calculations

were evaluated at the ®B97XD/6-31+G(d,p) level of theory. The calculated oeonision is 94 A* for OHG** +

*NO and 103 A? for 9MG** + *NO. Accordingly, the maximum charge-transfer cross sections for 9HG*"*
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+ *NO and 9MG"" + *NO have reached only 1.2% and 2.2% of their respective oeonision. These percentages
represent their maximum reaction efficiencies. The charge-transfer efficiency of 9MG*®" with *NO is
nearly twice that of 9HG*". In a previous work,”” we compared the charge and spin distributions of
9HG"", 9MG*" and dGuo*". All three radical cations share the same spin density distribution in that an
unpaired electron is delocalized among guanine N3, C5, and C8. Charge is separated from spin, and C8—
H is more positively charged than the other groups. An obvious consequence of the substitution of N9—H
is reflected in the charge densities: the negative charge on N9 decreases from -0.38 at 9HG"" to -0.11 at
9MG"" and -0.06 at dGuo®"; meanwhile, the charge on C4 changes from +0.10 at 9HG*" to -0.07 at 9MG**
and -0.25 at dGuo®". These changes can be attributed to the hyperconjugation and the associated electron
delocalization among the p orbitals of guanine and the s orbital of the N9-substituent. We tentatively
attribute the different charge-transfer efficiencies of 9HG*" and IMG*" to their different charge

distributions.

Cross Section (A?)

Figure 1  Product ion (NO") cross sections for the charge transfer reactions of (a) 9HG*" + *NO and (b)
9MG"" + *NO, as a function of kinetic energy in the center-of-mass frame (Ecym, bottom axis) and
laboratory frame (Eiab, top axis). Circles with error bars are the experimental data, and labeled vertical
lines indicate the anticipated 0 K thermodynamic threshold energies. Insets show Chemdraw for 9HG*"
and 9MG"*" with atom numbering schemes.
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For both reaction systems, the cross section declines slightly at the highest experimental Ecy. This
decline cannot be attributed to the dissociation of product ions, as the dissociation energy of NO" is 10.8
eV.'""> We tend to attribute this small decline to aberrations in the trapping and focusing of ions at high
energies by the octopole ion guide and electrostatic lens; in particular, complete collection of product ions
with increasingly large transverse velocity became difficult for an ion guide. Furthermore, as discussed in
Section 4, the charge transfer reactions may be mediated by intermediate complexes. These complexes
are not as efficient or long-lived at high Ecm and thus lower the reaction efficiency.

Note that the collisions of guanine radical cations with *NO also produced exothermic nitrosation
products (i.e., covalent NO-adducts of 9HG*" and 9MG*"). This will be reported in a separate paper. But
the covalent complex formation occurred only at Ecm below 0.5 eV, which is too far below the charge-
transfer threshold to be relevant.

Experimental charge-transfer threshold energies The distribution of the reactant ion beam kinetic

energy,” the thermal motion of *NO molecules inside the scattering cell (i.e., Doppler broadening®* %),

and the internal energy distributions of the ion beam and *NO have all factored into the Ecu-threshold
measurement. Consequently, the product ion cross section rises from zero at Ecu different from the true
reaction threshold (or activation) energy. To determine the true experimental threshold, the Ecm-
dependent cross section was analyzed using the aforementioned LOC model. The LOC model includes
all sources of energy after convolution with the kinetic energy distributions of both reactants. The model
assumes that a fraction of near-threshold collisions are completely inelastic, so that all of the energy
contributes to overcome Eo."°"!"* Only if this assumption is true may the cross section be used to
extract the reaction thermodynamic limit.

Figure 2 shows the LOC fitting for reactions (2) and (3) on a logarithmic scale. In the figure, circles
represent the actual experimental data, red lines represent the LOC fits with the fitted £y marked, and blue
dashed lines represent the true LOC cross sections in the absence of reactant energy broadening. For both

reaction systems, the LOC model has accurately reproduced the charge-transfer cross sections over three
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orders of magnitude and from an energy below the threshold to 7 eV. The uncertainties of Eo were

determined from several independent fits using an acceptable range of # (2 — 2.4) and included the

absolute uncertainty in Ecm.
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Figure 2  Product ion (NO") cross sections for the charge transfer reactions of (a) 9HG*" + *NO and (b)
9MG*" + *NO as a function of Ecm. In each frame, black circles represent the experimental cross sections,
red solid line represents the convoluted LOC cross sections over reactant internal and kinetic energy

distributions, and blue dashed line represents the true LOC cross sections in the absence of kinetic energy
distributions for reactants.

On the basis of the LOC fitting, the experimental charge-transfer threshold was determined to be 1.75
eV for 9HG*" + *NO, which exceeds the 0 K product asymptote (1.51 eV) for reaction (2) by 0.24 eV; and
2.0 eV for 9OMG*" + °NO, which exceeds the 0 K product asymptote (1.63 eV) for reaction (3) by 0.37 eV.
These deviations have far exceeded the experimental uncertainty (+ 0.1 eV). In view of the extra 0.24 —
0.37 eV energy above the 0 K thermodynamic limits, questions arise as to whether there exists an actual
activation barrier above the charge-transfer product asymptote, whether the LOC assumption (that some
near-threshold collisions result in 100% 7" — Ei) was invalid, or whether the products were formed with
excess energy (i.e., not at 0 K). In fact, the latter two probabilities are not unprecedented (albeit unusual).
For example, in the CID of NO," by Kr, the E, for dissociation to NO* + O('D) was found to be 0.7 eV
above the product asymptote;''* and in collisions involving a diatomic molecule, energy can be carried

away in vibrational and rotational degrees of freedom, raising the reaction threshold slightly.''®
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4. Theoretical Modeling and Discussion
4.1 A Qualitative Picture for Charge Transfer in Perspective of the Franck-Condon Principle

To explore the origin of the abnormal threshold behavior and the low reaction efficiency for the two
charge transfer reactions, we turned to theoretical modeling. Compared to 9HG®", 9MG*" has a structure
and distributions of spin and charge that more closely mimic those of dGuo*’, and 9MG*" presents a
relatively higher charge-transfer efficiency with *®NO. For these reasons, 9IMG*" + *NO was chosen as a
prototypical system for PES modeling, so that the theoretical results can be more reasonably extrapolated
to the guanosine nucleosides in DNA. Since the equilibrium bond length (rNO) of *NO is 1.152 A and

that of NO" is 1.068 A, it is important to consider the charge transfer process as a function of rNO.

7 -
6
5 PES at infinite reagent separation
S 4] NO* + 9MG
9 ]
E 3—: % (114 eV)
. e .
] .)3'(0.86 eV) NO +
1 - 2(0.58 eV) amG™
2 qparrier T(0.296V)
4 —_—— v' =0 (E,,=00eV)
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Figure 3  Qualitative PESs for (blue) OMG** + *NO(XI) and (red) 9IMG + NO"(X'Z") as a function of
rNO at infinite reagent separation. Energies were calculated at the ®B97XD/6-31+G(d,p) level of theory
without ZPEs. The curves were plotted so that the difference between two zero-point levels equals the
charge transfer endothermicity of 9MG** + *NO. NO* vibrational levels were taken from ref''°.
Highlighted is the lowest-energy Bohr-Oppenheimer surface.

Figure 3 shows a schematic depiction of the NO and NO" potentials as a function of tINO from 0.9 to
1.4 A. The potential energies were calculated at the ®B97XD/6-31+G(d,p) level of theory without ZPEs.
The energy scale was adjusted so that the minima on the two potential curves are separated by the amount

of the charge-transfer reaction endothermicity of 1.63 eV (= IP[NO] — IP[9MG]) for IMG*" + *NO.
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Considering that at an infinite 9IMG—NO separation the reaction wave function is nearly separable into
9MG and NO and the 9MG*" moiety undergoes little geometry change upon neutralization, the two
potential curves can each represent the qualitative ground-state electronic surface for the reactants and
products at the infinite IMG—NO separation, i.e., the blue curve in the figure represents the OMG** +
*NO(XI) charge state while the red curve represents the 9MG + NO'(X'Z") charge state.

Let's consider how these surfaces couple and mimic the charge transfer reaction of 9MG*" + *NO. As
shown in the figure, the lowest-energy electronic state (as highlighted in yellow) is diabatic. It mixes the
two charge states and thus exhibits a discontinuity around rNO = 0.95 A. This corresponds to a change in
the wave function character, i.e., a curve crossing from the 9IMG*" + *NO charge state to the 9MG + "NO
charge state as the reactants approach each other. There is an apparent barrier of ~ 0.6 eV (above the
adiabatic charge-transfer endothermicity) at the place where the two potential curves are likely to interact.
This amount of energy allows significant "leakage” of the *NO (X*IT) wave function into the NO* (X'Z")
potential well. This activation barrier may be understood on the basis of the Franck-Condon factor (FCF)

in the ionization of *NO. A photoelectron spectroscopy study''®

reported that the direct ionization of the
vibrational ground state *NO (X?I1, v = 0) carries significant FCFs for excitation to a long progression of
vibrational excitation in NO"(X'%"). The FCF is 0.16 for producing NO*(v" = 0), increasing to 0.30 —
0.33 for producing v' = 1 and 2, declining to 0.15 for v' = 3 and 0.05 for v' = 4, and becoming negligibly
small for higher v states. It manifests a significant NO nuclear distortion upon electron loss, and the
reactant "NO may convert a fraction of reaction energy to vibrational energy in the product NO™.

The above picture is too simple to quantitatively evaluate an effective threshold energy for the charge
transfer reaction. The situation in the IMG-NO complex is more complicated. First, forcing *NO into
close proximity to 9MG*" changes the interaction energetics significantly, as will be shown in the next
section. Secondly, since it is 9MG*" rather than a photon that induces the ionization of *NO, the time
scale for electron loss is comparable to the time scale for nuclear motion, thus the Franck-Condon

limitation may not be fully in play in the charge-transfer reaction system. Nevertheless, such an estimate
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has provided a qualitative understanding of reaction energetic behavior associated with curve-crossing
and NO vibration.
4.2 PESs at Different Electronic Configurations, IC, ISC, and Reaction Intermediates

To fully account for the 9MG-NO interaction, relaxed PES scans were carried out for the closed-shell
singlet, open-shell singlet, and triplet states of [9IMG + NO]" at the ®B97XD/6-31+G(d,p) level of theory.
At each state, the scan was propagating along the r[9MG-NO] coordinate, which is the center-of-mass
distance between the 9MG and NO reactants. The scan continuously varied f9MG-NO] from 30 A to
1.5 A at a step size of 0.05 — 0.1 A, and optimized other bond lengths and bond angles at each point.
Another set of relaxed PES scans was carried out under the same conditions but along the rf[9IMG—N]
coordinate, which is the distance between the center-of-mass of 9MG and the N-terminal of *NO. The
two sets of PESs have produced nearly identical surface profiles. Because the N terminal carries the
radical electron in *NO and has a much higher reactivity toward 9MG than the O terminal, r[9IMG-N]
represents a more appropriate coordinate than r[9MG—-NO] to describe the reaction progress. The PES
along the r[9MG-N] coordinate, shown in Figure 4, was thus chosen for analysis.

Because the lowest-energy Bohr-Oppenheimer surface in the reaction energy region couples three
electronic states (closed-shell singlet, open-shell singlet, and triplet), it is necessary to validate that single
Slater-determinant wave functions are able to accurately describe reaction structure and electronic
configuration along the reaction coordinate. To this end, we examined the values of <S*> in the wave
function for each point. As should be expected, the <S*> value is 0.00 for all closed-shell singlet reaction
structures and nearly 2.00 for all triplet structures. For an open-shell singlet, the <§*> value is 1.00 in the
1[9MG-N] range from 30 to 5.7 A, which represents a 100% diradical character evaluated using the
diradical index np. = (1 — \/M) % 100%.'° The <S> value of the singlet biradical decreases
at shorter reactant separation and becomes 0.7 at {9MG-N] = 5 A, indicating that a singlet diradical is no

longer stable upon close approaching of reactants and starts converting to a closed-shell singlet.
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Figure 4 Relaxed PES scans along r[9MG-N] (the distance between the center-of-mass of 9IMG and
the N-terminal of *NO) for the closed-shell singlet, open-shell singlet, and triplet states, calculated at
®B97XD/6-31+G(d,p). The color of each component is based on electronic configuration: red for closed-
shell singlet, cyan for open-shell singlet and blue for triplet. a) Changes in reaction potential energy (PE
with respect to the sum of 9MG*" + *NO, without ZPE) during the PES scan, with approximate spin
projection for open-shell singlet. The inset snapshot illustrates electrostatic potential (ESP)-fitted charge
distribution in a 'CT complex (C: gray; H: white; N: blue; O: red), and the color bar indicates charge
scale; b) the accompanying change of rNO, wherein horizontal dashed lines indicate the equilibrium rNO
for molecular and ionic NO, respectively; ¢ — d) the accompanying variations in NBO charge and spin
density of NO. The inset in d) illustrates a spin density contour plot for a *precursor complex.
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A more stringent test for spin contamination was carried out using the T1 diagnostic'® '™ at the
DLPNO-CCSD(T)/aug-cc-pVTZ level of theory, wherein T1 = ||t;||/+/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 diagnostic that is larger than 0.02 for a closed-shell system'®* ''7- 118

or larger than 0.03
for an open-shell system alerts of an important multiconfigurational character, and a T1 value above 0.06
warns of a catastrophic scenario. Figure S1 in the Supporting Information summarizes the T1 diagnostic
results for the closed-shell singlet, open-shell singlet, and triplet reaction structures along the reaction
coordinate r[9MG—N]. All closed-shell singlet structures have the T1 value < 0.016, and all triplet
structures have the T1 value < 0.020. Therefore, the ®B97XD/6-31+G(d,p)-calculated PESs are validated
to accurately describe these two states. For open-shell singlet structures, the T1 value remains below
0.023 from r[9MG-N] =30 A to 7 A but deteriorates at shorter distances, indicating the emergence of
spin contamination. This is consistent with the <S>> evaluation and the analyses of rNO and the NO
charge/spin density for the open-shell singlet state, as shown in Figures 4b - d. For this reason, the open-

shell singlet PES was corrected for spin contamination using Yamaguchi's approximate spin-projection

method:''% 120

_ EBS<SZ>1157EHS<S2)BS

B = @
where E refers to electronic energy, with the superscript AP representing the approximately spin-projected
singlet state, BS the open-shell, broken-symmetry singlet state, and HS the triplet state.

Figure 4 reports a series of theoretical predications that we have extracted from the PES scan. They
are plotted in colors based on electronic configurations: red for a closed-shell singlet, cyan for an open-
shell singlet, and blue for a triplet. As shown in Figure 4a, at long reagent separation, the open-shell
singlet state presents the identical PES as that of the triplet state. Both the open-shell singlet and triplet
PESs are approaching the reactant 9MG*" + *NO asymptote, while the closed-shell singlet PES is

approaching the product 9MG + NO" asymptote. There are no activation barriers for the approaching of

9MG*" + °NO at the open-shell singlet or triplet state or the separation of 9MG + NO™ at the closed-shell
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singlet state. These observations indicate that, at near-threshold energies, the charge transfer reaction
may be initiated at an open-shell singlet and/or a triplet surface of the radical pair [9MG*" + *NO].

The open-shell singlet and triplet may both convert to covalently bonded NO-adducts at shorter
r[9IMG-N] (yellow-shaded area in Figure 4a). But the covalent complex formation would not be in
competition with charge transfer as they are located in different energy and geometrical regions.
Reaction initiated at open-shell '[9MG** + *NO] The PES for the open-shell singlet state (the cyan
plot in Figure 4a) presents no reactant interaction until the two radicals approach within a distance of 10
A. From then on, the reactants present a small attractive potential, ranging from 0.01 eV up to 0.09 eV.
This interaction is much weaker than typical ion-molecule attraction.

There appear to be two critical points along the open-shell singlet PES. The first critical point is
located at rf9MG-N] = 7.0 A below which the open-shell singlet PES starts to deviate from that of the
triplet (according to the change of rNO, the deviation starts at an even larger [OMG-N] = 10 A).
Following Hund's multiplicity rule, the triple state represents the lowest-energy reactant state at a short
reactant distance. The open-shell singlet may convert to the triplet at long reactant separation via an
intersystem crossing process. Nevertheless, there is no driving force in the gas-phase reaction, such as a
photon, heavy atom, or other stimuli, that may prompt the ISC.

The second critical point is located at f9MG-N] =5 A. At this point, the open-shell singlet state
converges to a closed-shell singlet via an internal conversion process (see the change in *NO spin in
Figure 4d). Along with the change in potential energy, the *NO moiety has compressed rNO to the
r(N=0") limit (Figure 4b) and transferred an electron to 9MG*" (Figure 4¢). There is no obvious
activation barrier for the internal conversion. Without experimental measurement, we would have
assigned the internal conversion of open-shell '[9MG*" + *NO] — closed-shell '[9MG + NO'] as the most
probable pathway for charge transfer. Nevertheless, should this pathway contribute to the low-energy
reaction, product ions would have been detected at the 0 K thermodynamical limit. It was not the case in

the experiment. This implies that the open-shell singlet is insignificant for near-threshold energy charge
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transfer. This is presumably due to the extremely weak reactant attraction at the open-shell singlet,
thereby rendering the formation of collision complexes inefficient. This fact may contribute to the low
charge transfer reaction efficiency.

Reaction initiated at >[9MG** + *NO] The entrance region on the triplet PES presents long-range but
small ion-dipole and ion-induced dipole interactions until the two radicals reach [9MG-N] = 8.0 A, after
which the reactant attractive potential increases with the decreasing separation. The two radicals form an
electrostatically bonded ion-molecule complex (with a binding energy of 0.22 eV) at f9MG-N] =5 A,
i.e., collisional stabilization of reactants. The triplet radical ion-radical complex is rather floppy and does
not maintain a well-defined geometry; instead, it behaves as a reactant-like precursor complex and
undergoes a large amplitude of intermolecular motion. This is corroborated by the facts that, at
r[9MG-N] > 3 A, the NO moiety within the complex remains at a typical molecular rNO (1.15 A, see
Figure 4b), its charge remains neutral, and the total spin remains at 1 (see Figures 4c and d). For this
reason, the complex is referred to as a *precursor complex. The significance of the *precursor complex is
that it correlates with the total coupled spin triplet reactants and allows repeated encounters between the
reactants, so that the reactants may find an appropriate configuration for intersystem crossing to a surface
that leads to a charge-transferred complex (referred to as 'CT, which correlates with products).

The structure of the 'CT complex is demonstrated in the inset of Figure 4a. Its Cartesian coordinates
are provided in the Supporting Information. The electrostatic potential (ESP)-fitted charge distributions
superimposed on the 'CT structure illustrate an intra-complex charge transfer character. Quantitatively,
the NO moiety carries a charge of 0.6 and has a bond length of 1.1 A (which is between the molecular and
ionic limits). Propagating along the exit region of the closed-shell singlet surface, the 'CT complex
separates to 9MG + NO', as viewed by the evolution of the NO bond length and charge. There is no
dissociation barrier in excess of the product 9IMG + NO" asymptote. Yet, questions remain on the driving

force for ISC from *precursor to 'CT and the origin of the extra experimental threshold energy.
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4.3 Frontier Molecular Orbitals in the *Precursor to 'CT ISC

It is well known that spin-orbit coupling can facilitate mixing among electronic states of different
multiplicities.'”" > As discussed above, the *precursor complex correlates adiabatically with the OMG**
+ *NO charge state, and the 'CT complex correlates adiabatically with the 9IMG + NO" charge state.
Scheme 1 illustrates the HOMO (highest occupied molecular orbital), HDMO (highest doubly occupied
molecular orbital), SOMO (singly occupied molecular orbital), and LUMO (lowest unoccupied molecular
orbital) in a representative *precursor complex that is located near the ISC point and a 'CT complex.
During ISC, the electron initially located in the triplet SOMO (which is comprised of mostly a n* orbital
at *NO) rephrases spin and merges into the triplet SOMO-1 (comprised of mostly a n* orbital localized at
9MG*"). With this electron transfer, the triplet SOMO and SOMO-1 become the closed-shell singlet

LUMO and HOMO, respectively.
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Scheme 1 Molecular orbitals in a near-ISC *precursor complex and singlet charge-transferred complex,
calculated at the ®B97XD/6-31+G(d,p) level of theory. Red arrows indicate orbital occupancies, and
yellow arrows indicate the orientation of 7 orbitals.
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Note that the two ©* orbitals in the triplet SOMO and SOMO-1 are orthogonal to each other. Using
the right-hand rule, electron transfer between these two orbitals introduces an angular momentum change
along the x direction. This molecular orbital angular momentum change offsets the electron spin angular
momentum change. Consequently, the total angular momentum is conserved throughout the ISC. This

process is analogous to the spin-orbit charge transfer intersystem crossing (referred to as SOCT-ISC)'*

124 that occurs in the photoexcitation of a directly connected electron donor-acceptor molecule with
perpendicular 7 systems. The spin-orbit charge transfer could be used to justify that the ISC of *[IMG*" +
*NO] — closed-shell '[9MG + NO*] is allowed, whereas the ISC of open-shell '[9MG*" + *NO] —
3[OMG*" + *NO] is forbidden.
4.4 Surface Crossing Toward Charge Transfer

Additional characterization of the triplet and the closed-shell singlet dynamics is provided by a more
comprehensive 2D PES (Figure 5), mapped out along rf[9MG—-N] and rNO. As discussed above,
r[9MG-N] describes reactant approaching and product separation, while the value of rNO indicates the
ionicity of the NO moiety and thus can be used to track the transition between neutral *NO and cationic
NO*. The 2D PES scanned r[9MG-N] from 6.0 to 1.5 A and rNO from 1.25 to 1.0 A continuously, with
a step size of 0.05 A for f9MG-N] and 0.02 A for rNO. All of the other molecular structural parameters
were fully optimized at each step. The energy was plotted with respect to 9OMG*" + *°NO. To distinguish
repulsive (or endothermic) vs. attractive (or exothermic) potential, the surface is shaded in three different
colors: the white-shaded stripe defines the potential regime equivalent to 9MG*" + *NO, while the blue-
and yellow-shaded regimes correspond to the potential energies below and above 9MG*" + *NO,

respectively.
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Figure 5 Relaxed 2D PES scans along rf[9MG-N] (the distance between the center-of-mass of IMG
and the N-terminal of *NO) and rNO for the total coupled spin (a) triplet and (b) closed-shell singlet
states, calculated at the ®B97XD/6-31+G(d,p) level of theory. Numbers in contour maps are electronic
energies with respect to the 9MG*" + *NO asymptote.

The 2D PES profile can be summarized as follows: 1) the triplet surface presents a shallow reactant
entrance valley centered at INO of 1.14 — 1.15 A. Throughout the entrance valley from [9MG-N] =6 to
2.5 A, the system maintains 9MG** and *NO electronic configurations. Within the entrance valley, there
exist two potential wells: the deep potential well at f9MG-N] = 5.2 A represents the *precursor complex,
and the shallow potential well at f9MG-N] = 3 A represents covalent bond formation between OMG**
and *NO. There is no potential barrier leading to the formation of the *precursor or the covalent complex;
2) the closed-shell singlet surface is featured by a large and deep potential well centering at rf9MG-N] =
3.8 A and INO = 1.1 A. This potential well corresponds to the formation of the 'CT complex. The
closed-shell singlet surface has another, narrower potential well at r{9MG-N] =2.3 A and INO = 1.13 A,
which corresponds to the formation of a covalent adduct of NO-9MG". Both potential wells have
presented intra-complex charge transfer. The dissociation product exit of the 'CT complex is repulsive;
but there is no reverse barrier above the product asymptote; in addition, there exist pathway(s) leading
from 'CT to the covalently bonded NO-9MG via a ridge peaked at r[9MG-N] = 2.6 A.

Figure 6a represents a bird’s-eye view of the close-shell singlet 2D PES superimposed on the triplet
one. Since our focus is on reactant entrance and product exit, only the region of ff9MG-N] from 6.0 A to
3.0 A is shown for clarity. The trajectories highlighted in yellow represent the minimum-energy reactant

entrance pathway which passes through a *precursor complex, and the exit pathway which leads to 9MG
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+NO". Note that the minimum-energy pathway on the PES has not taken into account dynamical effects
arising from finite atomic momenta. The discrepancy between experimental and theoretical threshold

energy suggests that the reaction has deviated from the minimum-energy exit pathway.
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Figure 6  Different views of surface crossing and post-ISC pathways, calculated at the ®B97XD/6-
31+G(d,p) level of theory. The pathway in (b) leads to vibrational excitation in product NO", and the
pathway in (c) leads to an activation barrier and kinetic shift of the *precursor complex.

To locate ISC and subsequent exit pathway(s), we examined various locations along the hypersurface
seam and identified the most plausible ISC position at f[9MG-N] =4.6 A and tNO = 1.15 A (indicated by
ared star in Figures 6b and c). There may exist two different post-ISC pathways: 1) Figure 6b has
zoomed in on the first plausible pathway. Following ISC, the singlet system propagates downhill along
the descending [9MG-N] coordinate but keeps tNO = 1.15 throughout toward a 'CT complex (as
indicated by the yellow dots); 2) the second plausible pathway may be visualized in Figure 6¢ by rotating

the horizonal view of the surfaces. The post-ISC trajectory propagates along the rNO coordinate from
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1.15 A to 1.10 A while keeping f9MG-N] constant. In this case, the trajectory crosses over an activation
barrier and becomes kinetically unfavorable.

In the CID reactions of some strongly bound species, inefficient 7 — FEiy transfer may result in an
observed threshold higher than the thermodynamic threshold.!'® However, in the present case, neither
3precursor nor 'CT has a strong binding energy. On the other hand, if either of the two proposed post-ISC
pathways is in play, it would explain why the reaction occurs at an energy higher than the 0 K product
endothermicity. Following the first post-ISC pathway, the system maintains rtNO at 1.15 A in the singlet-
state charge-transferred complex. As 9MG and NO' separate, their interaction becomes weak, and there
are no other modes that couple with the internuclear motion of NO". Therefore, the product NO*
maintains a nuclear displacement from the equilibrium bond length (1.068 A), and the extra 0.24 — 0.37
eV energy nearly matches the v' = 1 excitation energy (0.29 eV) of NO*.''® This is consistent with the
discussion of Franck-Condon factors in Section 4.1.

Alternatively, in the second post-ISC pathway, the system needs to cross over a saddle point with
respect to the *precursor complex. This step may become rate-limiting for the charge transfer reaction.
The ion time-of-flight within the mass spectrometer is 100 — 500 ps. Should a long-lived triplet complex
form, excess energy is required to drive ISC fast enough so that collision complex dissociation may be
observed in the time frame of the measurement. This kinetic shift was not included in our LOC fitting, as
our experiment was not able to determine the complex lifetime, and the calculation of the *precursor
lifetime is beyond the scope of this work. The present scenario is reminiscent of the spin-orbit charge
transfer ISC in an electron donor-acceptor complex. In the latter system, a weakly coupled, triplet excited
radical ion-pair is often extremely long-lived, with a lifetime up to 2 - 6 x 10? ps.'**'?® We hope that this
experimental result will stimulate interest in future theoretical studies of the *precursor complex. We also
note that at sufficiently high Ecw, the collision complex dissociation model is likely to become

insignificant, which may explain the declining cross section at the highest Ecm.
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5. Conclusions

A guided-ion beam study was carried out to examine the interactions of *"NO with 9HG*" and IMG*",
focusing on the charge transfer reactions between the collision partners. The measurement of kinetic
energy-dependent product ion cross sections revealed that both reaction systems produce charge transfer
products at the singlet spin multiplicity exclusively, and no triplet product was discernible. The reaction
threshold energies (after correcting for reactant energy broadening) are 1.75 eV for 9HG*" + °NO — 9HG
+NO" and 2.00 eV for 9IMG*" + *NO — IMG + NO, which exceed the respective 0 K product
asymptotes by 0.24 and 0.37 eV. Reaction PESs at the closed-shell singlet, open-shell singlet, and triplet
states, as well as frontier molecular orbitals, were explored to characterize the changes in reaction
structure, charge, spin, and energy during the charge transfer reaction. The reaction at the near-threshold
energy range involves several steps: long-range ion-dipole and ion-induced dipole attraction lead to the
formation of an electrostatically bonded *[G**(T)-(T)*NO] precursor complex in ion-molecule collisions;
the precursor complex may be sufficiently long lived such that spin-orbit charge transfer intersystem
crossing occurs to form a charge-transferred '[G(TV)-NO"] complex; with sufficient 7 — Ein, the '[G
(TV)-NO*] proceeds along the product exit channel to endothermic G + NO" asymptote with no reverse
activation barrier. The reaction threshold in excess of the 0 K product asymptote is most likely due to the
combination of the kinetic shift of the long-lived *[G*" (T)-(T )*NO] complex and the vibrational
excitation in the product NO'. This work illustrates the chemistry of guanine nucleobases upon one-
electron oxidation and subsequently the reaction with *NO. The findings are of interest in biological
systems wherein *NO is produced as the precursor of reactive nitrogen species and in ionizing radiation-
based radiotherapy wherein *NO is being used as a radiosensitizer to damage tumor DNA. °NO is also
produced by solar photolysis and auroral activity in the upper mesosphere and lower thermosphere
regions.'* ** With the formation and ionization of guanine in space (e.g., under prebiotic conditions''

and in carbonaceous meteorites'*?), the titled reaction might be relevant therein.
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