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Abstract

Free radicals are often highly chemically reactive due to the unpaired electrons in an

open shell configuration, and they usually play an important role in combustion, atmospheric

chemistry, biochemistry, polymerization, plasma chemistry, and many other processes. Rad-

icals have also been found to be involved in degenerative diseases and cancers.

Water dimer radical cation has been studied using coupled cluster theory CCSD and

CCSD(T) with Dunning’s correlation consistent polarized valence basis sets (cc-pVXZ and

aug-cc-pVXZ, where X =D, T, Q). Among the fourteen stationary points which have been

characterized on its doublet electronic state potential energy surface, isomers 1 and 7 are

found to be local minima, seven are transition states, and the remaining five are higher

order saddle points. The fourteen structures lie within 45 kcal mol-1 of isomer 1, and the

interconversion barrier from 1 to 7 is 15.1 kcal mol-1.

The cyclic, trans, and cis-BNNO radicals and two isomerization reactions are systemati-

cally investigated using SCF, CASSCF, CCSD and CCSD(T) levels of theory with cc-pVXZ

and aug-cc-pVXZ (where X =D, T, and Q) basis sets. All stationary points lie within 19

kcal mol-1 of the global minimum cyclic isomer at the aug-cc-pVQZ CCSD(T) level. Con-

trary to the result of Wang and Zhou, the trans-structure is not the global minimum, but is

rather the second lowest lying isomer. This apparent disparity is rationalized by a detailed

examination of the PES describing this reaction.



Hydroxyl radical reactions with adenine have been studied at the B3LYP/DZP++ level

of theory. Hydrogen atoms directly attached to five positions (C2, C8, N9, N61, and N62) have

been examined for dehydrogenation. Four reactant complexes [A· · ·OH]· have been found

connecting to six transition states, leading to six product complexes [A−H· · ·H2O]· and five

final products A−H· + H2O. All six pathways are exothermic. The dehydrogenation at N6

is predicted to be favorable, while that at C8 is unlikely.

Index words: computational chemistry, coupled cluster theory,
density functional theory, potential energy surface, radicals, DNA
damage
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Chapter 1

Introduction and Literature Review

1.1 COMPUTATIONAL CHEMISTRY

As a branch of theoretical chemistry, computational chemistry solves chemical problems,

such as determination of molecular properties, by using principles of computer science and

efficient computer programs. Molecules differ from each other because they have different

nuclei and numbers of electrons; in other words, their nuclear centers are at different posi-

tions. Even a single molecular formula can have different conformational isomers on its

potential energy surface. Computational chemistry attempts to interpret geometrical config-

urations of stable molecules, their absolute and relative energies, properties (such as dipole

moment, polarizability, NMR coupling constants, etc.), reaction rates, and time dependent

structures and properties.

Ab initio method is widely used to determine electronic structures and properties

of molecules by finding approximate solutions of the non-relativistic time-independent

Schrödinger equation

Ĥ | Φ〉 = E | Φ〉 (1.1)

Ĥ is the many-electron operator (the Hamiltonian), and Φ is the many-electron wave function

(Slater determinants and linear combinations of these determinants). A key part of solving

the Schrödinger equation is the Born-Oppenheimer approximation, in which the coupling

between the nuclei and electronic motion is neglected. The problem then is reduced to solving

the electronic Schrödinger equation for a given set of nuclear coordinates, which greatly

simplifies the situation.

1
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The simplest ab initio electronic structure computation is the Hartree-Fock (HF) model,

where each electron is described by an orbital, and the total wave function is the product of

a set of orbitals. The Hartree-Fock method generates solutions to the Schrödinger equation

in which the electron-electron interactions are assumed to be an average effect, and the

correlation between electrons is neglected. In a sufficiently large basis set, the Hartree-Fock

method is able to account for about 99% of the total electronic energy, but the remaining

1% is often very important for describing chemical phenomena.

1.2 COUPLED CLUSTER THEORY

In order to achieve chemical accuracy of 1 kcal mol-1, it is necessary to use sophisticated

methods for including electron correlation and large basis sets. This is often only compu-

tationally feasible for small systems. There are three main methods for computing electron

correlation: configuration interaction (CI), many-body perturbation theory (MBPT), and

coupled cluster (CC).1 Among the three, coupled cluster has emerged as the most reliable

and computationally affordable treatment for describing electron correlation and providing

approximate solutions to the electronic Schrödinger equation for many body systems, since

its introduction into quantum chemistry in the late 1960s by Č́ıžek and Paldus.2–4 The

exponential ansatz is essential in coupled cluster theory, which characterizes a system by

expanding the reference wave function exponentially:

| Φcc〉 = eT̂ | Φ0〉 (1.2)

where | Φ0〉 is generally a Hartree-Fock reference wave function. The exponential operator is

defined as

eT̂ = 1 + T̂ +
1

2
T̂ 2 +

1

6
T̂ 3 + · · · =

∞∑
k=0

1

k!
T̂ k (1.3)

and the exponentiated cluster operator T̂ is the summation of excitation operators, T̂ =

T̂1 + T̂2 + T̂3 + · · · . When appling eT̂ to the reference function, a new wave function con-

taining cluster functions which correlate the motions of a specified number of electrons will
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be produced. If the exponentiated operator includes contributions from all possible electron

groupings, then the exact wave function will be obtained from the reference wave function.

Truncation of the cluster operator at specific excitation levels leads to a hierarchy of cou-

pled cluster techniques. Coupled cluster theory with single and double excitations (CCSD,

where T̂ = T̂1 + T̂2)
5,6 has sufficient accuracy to be widely applied in many computational

studies. CCSD with perturbative triple excitations [CCSD(T)]7–9 is often referred as “the

gold standard of quantum chemistry” for its good compromise between high accuracy and

computational cost for molecules near their equilibrium geometries.

The main drawback of the coupled cluster approach is the unfavorable scaling with system

size. CCSD equations scales as N6(o2v4, where o and v are the number of occupied and

unoccupied orbitals in the wave function, which increases with the number of electrons

in the system and one-particle basis set augmentation, respectively). CCSD(T) scales as

N7(o3v4). Thus, a great deal of time is often required to achieve ∼1 kcal mol-1 accuracy for

large systems.

1.3 DENSITY FUNCTIONAL THEORY

Density functional theory (DFT) scales as N3 (scales three dimensionally), and can be

considered as a simple improvement on HF theory, which scales as N4. The energy of the

molecule, including the electron correlation, is defined as a functional of electron density.11,12

Electron density = ρ(x, y, z)

Energy = F [ρ(x, y, z)]

As a result, DFT calculations are typically faster and more accurate than HF. DFT can

also perform computations on some molecules that are not possible with ab initio methods,

such as transition metals and very large bio-systems.13 Density functional theory has enjoyed

enormous success in recent years, providing the seemingly impossible combination of accu-

racy and computational efficiency. As such, DFT is often the first choice for predicting
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thermochemical values and mapping out potential energy surfaces for complex reactions. It

is ideally suited for this purpose, providing qualitative information about potential energy

surfaces with minimal computational effort.

There are roughly three categories of density functional methods: local density approx-

imation (LDA) methods, gradient-corrected (GC) methods, and hybrid methods. In LDA

methods, the density of the molecule is assumed to be a uniform electron gas and the func-

tional depends only on the density at the coordinate where the functional is evaluated.

The term LDA (or SVWN, or LSDA when considering spin) in literature usually refers to

Slater’s exchange functional plus the VWN correlation functional. This method predicts good

geometries, but greatly over-binds molecules. Improvements over the LDA assumption need

to consider the density as non-uniform electron gas throughout the molecule. As one step in

this direction, GC methods make the exchange and correlation energies depend not only on

the electron density, but also on derivatives of the density. However, higher-order gradient

corrections are very difficult to compute, and little is known about them. Hybrid methods

incorporate HF exchange into some improved DFT equations. As an example, B3LYP is

EB3LY P
xc = a× ESlater

x + (1− a)× EHF
x + b×∆EB88

x + (1− c)EVWN
c + c×∆ELY P

c (1.4)

where the non-local correlation is provided by the LYP expression and the constants a, b,

and c are determined by fitting to experimental data. This is the most commonly used DFT

method.

However, there are several disadvantages to DFT methods. Determining the most appro-

priate method for a particular application is a major difficulty. Many popular DFT func-

tionals contain empirically adjusted parameters, so, as with all semi-empirical methods,

application of these functionals to systems dissimilar to the training set can result in unex-

pected behavior. Furthermore, DFT methods lack a means of systematic improvement of

results, so that their accuracy is difficult to appraise.
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1.4 RADICALS AND DNA DAMAGE

Focusing on free radicals, my dissertation covers a wide range of system sizes. Thus, both

ab initio and DFT methods were employed.

A plethora of computational studies have targeted on free radicals, because they usually

exhibit interesting properties. Free radicals (often referred to as radicals for simplicity) are

atoms, molecules, or ions with unpaired electrons in an open shell configuration. However,

metals and their ions or complexes with unpaired electrons are not considered as radicals,

even though they have unpaired electrons. Free radicals are often highly chemically reactive

due to the unpaired electrons, and they usually play an important role in combustion, atmo-

spheric chemistry, biochemistry, polymerization, plasma chemistry, and many other chemical

processes, including human physiology. They are believed to be involved in degenerative dis-

eases and cancers.

Radicals, such as the highly reactive hydroxyl radicals which are usually produced by

radiolysis of water in cells, will cause indirect DNA damage, in addition to direct damage

from radiation impinging on DNA.10,14–16 Experiments have shown that these indirect effects

may involve low-energy electrons or low-energy reaction barriers, but could indeed cause DNA

strand breaks. Since DFT provides reliable electronic property results for systems of this size,

computational studies such as reaction pathways, mechanisms, and energetic information

may shed light on the corresponding biochemical experiments, leading to possible therapies

for certain diseases and cancers.

1.5 PROSPECTUS

Applying various computational methods, three open shell molecular systems have been

studied. We begin with the water dimer radical cation, (H2O)2
+, in Chapter 2. The purpose

of this work is to locate as many isomers as possible on its doublet potential energy surface,

and compare geometries, vibrational frequencies, and energetics among different isomers and
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with experimental results. Although there are few experimental observations of (H2O)2
+, the

results of Ar bonded complexes can still provide a hint of the geometries and frequencies. In

Chapter 3, we characterized the isomerization reaction of BNNO molecule, which is impor-

tant in combustion and the chemical industry. In Appendix A, which is not included as a

chapter, we investigated the geometries, molecular orbitals, vibrational and fundamental fre-

quencies of BNNO molecule, as well as its isotopic shifts and energetics. In the last chapter,

we investigated the dehydrogenation of adenine when hydroxyl radical attack this important

nucleobase. This reaction is believed to be one of the causes of DNA damage. Six reac-

tion pathways corresponding to five unique hydrogen abstractions have been examined at

the B3LYP/DZP++ level. Geometries, local barriers, and thermodynamic properties are

presented for the four reactant complexes, six transition states, and six product complexes

along these reaction pathways, as well as optical transitions for the six final dehydrogenated

adenine (A−H)· radicals.
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CHAPTER 2

THE WATER DIMER RADICAL CATION:

STRUCTURES, VIBRATIONAL FREQUENCIES, AND ENERGETICS†

†Reproduced with permission from [Qianyi Cheng, Francesco A. Evangelista, Andrew C. Simmonett,

Yukio Yamaguchi and Henry F. Schaefer, III, J. Phys. Chem. A, 2009, 113, 13779-13789] Copyright [2009]

American Chemical Society.
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2.1 ABSTRACT

Fourteen stationary points for the water dimer radical cation on its doublet electronic

state potential energy surface have been characterized using coupled cluster theory with

single and double excitations (CCSD) and CCSD with perturbative triple excitations

[CCSD(T)]. This is done in conjunction with Dunning’s correlation consistent polarized

valence basis sets (cc-pVX Z and aug-cc-pVX Z, X = D, T, Q). Two stationary points are

found to be local minima, isomer 1 (C1 symmetry) with H3O
+ · · ·OH character (hydrogen-

bonded system), and isomer 7 (C2 symmetry) with [H2O· · ·H2O]+ character (hemi-bonded

system). Among the other stationary points, seven are transition states, and the remaining

five are higher order saddle points. The fourteen water dimer radical cation structures lie

within 45 kcal mol-1of isomer 1. Structure 1, transition states 2 (Cs symmetry) and 3 (Cs

symmetry) are related through torsion of the OH group; these three stationary points fall

within one kcal mol-1, demonstrating the low energy barrier of the OH torsional mode.

Adiabatic ionization energies of (H2O)2 to 1 and 7 are determined to be 10.81 and 11.19 eV,

respectively; the former is in excellent agreement with the experimental value of 10.8–10.9

eV. The critical dissociation energy of 1 to H3O
++OH· is predicted to be 26.4 kcal mol-1,

while the dissociation energy of isomer 7 to H2O
++ H2O is determined to be 34.7 kcal mol-1.

At the aug-cc-pVQZ CCSD(T) level of theory, the hydrogen-bonded 1 and hemi-bonded 7

minima are separated by 8.8 kcal mol-1, with an interconversion barrier (1→10→7) of 15.1

kcal mol-1. A careful comparison is made with the recent experiments of Gardenier, Johnson,

and McCoy on (H2O)+2 ·Ar and (H2O)+2 ·Ar2.

2.2 INTRODUCTION

Dynamical simulations and computations of the bulk properties of liquids1,2 become

computationally tractable when energies and forces are obtained from inexpensive methods,

such as molecular mechanics, semi-empirical theory, or density functional theory (DFT).
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In molecular mechanics, force fields are often constructed to perform well for a specific

problem; in this process, ab initio information is often used to impose constraints on the

parameterization. Even when employing density functional theory, the choice of a specific

functional is usually made based upon comparisons to ab initio results. For both of these

purposes, reference data on small model systems is typically employed.

Given the ubiquity of water in biological processes, it is no surprise that small water

clusters3–8 have been investigated extensively. These studies include the characteriza-

tion of electron attachment and localization modes (surface and interior states) in water

clusters,4–6,9 ionized clusters,1,2, 10–21 (H2O)−n , (H2O)+n , and fragmentation processes occur-

ring upon ionization,15,22–27 as well as studies of ion and neutral hydration systems,15,22,28–30

i.e., X(H2O)n and X(H2O)n, where X is a solvated species (atom or molecule), including

the protonated clusters (H2O)nH+.7,15,22,28,31–33 The fascinating rearrangement dynamics

of hydrogen-bond networks and unique proton transfer mechanisms in water have led to

myriad experimental studies.11,12,20,27,30,34,35

Experiments on water clusters have primarily focused on neutral molecules, hydrated

electron clusters6,36–42 and protonated cluster ions (H2O)nH+. Protonated clusters exhibit

very rich and varied chemistry, such as electron transfer, proton transfer, and molecular

rearrangement. The smallest of these clusters, (H2O)2H
+, plays an important role in the ion

chemistry of the upper atmosphere, dominating the ion composition in the D region in the

ionosphere.43 Furthermore, oxonium ions such as H3O
+ and H5O2

+ occur as solvated charge

carriers in aqueous solutions, condensed phases (ices), and clusters such as (H2O)21H
+ [often

referred as (H2O)20·H3O
+, an oxonium hydrated in a cage of 20 water molecules].44 These

charged water species have been investigated experimentally and theoretically.1,2, 15,18,22,26,27

In contrast, much less work has been done on the electronic and molecular structures

of corresponding radical cation clusters (H2O)n
+, which are, for example, generated in vivo

by water radiolysis. Early photoionization studies12 of neutral water dimer detected a low

signal of (H2O)2
+ near threshold and determined an upper bound of the dimer adiabatic
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ionization potential (aIP) [(H2O)2]≤11.21±0.09 eV; a lower value of 10.81–10.90 eV has

also been suggested.14 Later He I photoelectron measurements34 determined the vertical

ionization potential (vIP) [(H2O)2] = 12.1±0.1 (2A” state) and 13.2±0.2 eV (2A’ state).

Shinohara et al.11 observed unprotonated (H2O)n
+ clusters (2≤n≤10) for the first time by

applying near threshold photoionization with an Ar resonance lamp (11.83 eV) for a molec-

ular beam expansion of H2O and Ar. Recently, Dong35 detected a small signal for (H2O)2
+,

the daughter ion for (H2O)3, using a soft X-ray laser. These experiments suggest that the

exiting electron removes almost all of the excess energy in these clusters. The difficulty of

observing (H2O)n
+ clusters is attributed26,45 to the large configurational differences between

the parent neutrals and the ionized clusters, which result in small Franck-Condon factors

for the ionization process.46–48 Consequently, the vertically ionized cluster is formed in a

highly vibrationally excited state, leading to dissociation.46,49,50 Dissociation of the neutral

water dimer may occur via two alternative channels26: the “oxonium channel” [(H2O)2 +

hv →H3O
++OH+e−], and the “water channel” [ (H2O)2 + hv →H2O

++H2O+e−]. In 2009,

Gardenier and coworkers27 reported a spectroscopic study of the ion-radical hydrogen-bonded

H4O2
+. Based on the pattern of infrared transitions, it was unambiguously established that

this species is best described as the H3O
+ · · ·OH· ion-radical complex.

Early theoretical studies47,51 of the neutral water dimer reported 10 stationary point

structures (all with H2O· · ·H2O character), at the second- and fourth-order Møller-Plesset

levels of theory.51 Later, coupled cluster with single and double excitations (CCSD) as

well as CCSD with perturbative triple excitations [CCSD(T)] were employed to refine the

structures.47 The 10 structures include one minimum (nonplanar open Cs), three transition

states (open C1, cyclic Ci, and nonplanar bifurcated C2v), and six higher order saddle points.

The energy barriers connecting these structures range from 0.52 to 1.79 kcal mol-1.

The water dimer radical cation (H2O)2
+ has also been studied theoretically.52–54 Two

different structures can result from ionization of the neutral; one is the oxonium-like com-

plex H3O
+ · · ·OH, and the other is the water-like complex [H2O· · ·H2O]+. In 1987, Gill
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and Radom characterized the 2A” state of the hydrogen-bonded (Cs symmetry) isomer and

the 2Bu state of the hemi-bonded (C2h symmetry) isomer as two minima at the MP4/6-

311G(MC)**//MP2/6-31G* level of theory.55 The energy difference between the two iso-

mers was found to be 8.9 kcal mol-1. Sodupe, Oliva, and Bertran located five structures56

of the ionized water dimer (H2O)2
+, including two C1 minima (one hydrogen-bonded struc-

ture and one hemi-bonded structure) and three transition states (two 2A’ states for the

Cs hemi-bonded isomers and one 2A” state for the Cs hydrogen-bonded isomer) at the

MCPF/TZ2P++//MP2/TZ2P++ level of theory.56 In Sodupe’s paper, the Cs symmetry

transition state was found to be similar to the C1 minimum structure, but with the OH

rotated out of the plane. The energy difference between these two structures was predicted

to be 0.03 kcal mol-1. The vertical ionization energies of the water dimer were computed to

be 11.5 and 12.9 eV for the 2A” and 2A’ states, respectively.

In the present research, a systematic theoretical study employing the CCSD and

CCSD(T) levels of theory is carried out to investigate the molecular and electronic struc-

tures of the water dimer radical cations. The purpose of our research is to characterize

the structures of the fourteen stationary points on the electronic doublet potential energy

surface (PES) and to examine the dissociation pathways of ionized water dimers. Further-

more, newly determined structures and binding energies will be compared with previous

studies47,51 of the neutral water dimer and water dimer radical cations.55,56 Our results will

hopefully serve as benchmarks, against which more approximate models can be calibrated.

2.3 THEORETICAL METHODS

The geometries of the water dimer and the different water dimer radical cation struc-

tures were optimized at the unrestricted coupled cluster with single and double excita-

tions (UCCSD)57–59 and UCCSD with a perturbative approximation of triple excitations

[UCCSD(T)]57,60,61 levels of theory. However, restricted open-shell Hartree-Fock (ROHF)

wave functions were used as a reference. Structures of neutral water dimers and water dimer
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radical cations discussed previously47,51,55,56 were used as starting points for geometry opti-

mizations. Dunning’s correlation-consistent polarized valence basis sets (cc-pVX Z and aug-

cc-pVX Z, where X = D, T, Q)62,63 were employed. The harmonic vibrational frequencies

of stationary points were determined via numerical differentiation of total energies. Second

order Møller-Plesset perturbation theory (MP2)64 was employed in the intrinsic reaction

coordinate (IRC) analysis.

The computations were carried out using QChem 3.1,65 Molpro 2006.1,66 the Mainz-

Austin-Budapest (MAB) version of ACESII,67,68 and PSI3.69

2.4 RESULTS AND DISCUSSION

2.4.1 STRUCTURAL ANALYSES

The optimized structures of the neutral water dimer and the fourteen stationary points

(1 – 14, numbered in order of increasing energy) of the water dimer radical cation [at the

aug-cc-pVQZ CCSD(T) level of theory] are displayed in Figures. 1 – 4 and Table 1.

These fourteen (H2O)2
+ stationary points may be classified in the following three cate-

gories: Group A (H2O–H+ · · ·OH) – proton transferred structures (1 – 5) with a bridging

hydrogen, Group B (H3O
+ · · ·OH) – proton transferred structures (6 and 9) without the

hydrogen bridge, and Group C ([H2O· · ·H2O]+) – hemi-bonded structures (7, 8, 10 – 14).

For the proton-transferred (H3O
+ · · ·OH) complex, the positive charge lies mainly on the

H3O
+ fragment, while for the hemi-bonded ([H2O· · ·H2O]+) complex, the positive charge is

delocalized between the two monomers.

GROUP A

Structures 1 – 5 (shown in Figure. 2) all fall into group A as a result of their connectivity,

but have different orientations of the OH group. Among these five structures isomer 1 is the

global minimum on the doublet electronic ground state PES, while 2 and 3 are transition

states connecting mirror images of 1 via OH torsion. Structures 4 and 5 are analogous to 1
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– 3, but with different symmetry constraints imposed. Comparing the neutral water dimer

global minimum (1A’ Cs) and the water dimer radical cation 1 (2A C1) structure, there are

significant geometrical changes:

1) the symmetry of the dimer is lowered from Cs to C1 upon ionization;

2) the hydrogen bond (H-bond) is slightly closer to linearity for the dimer radical cation

[θe(OH· · ·O) = 173.4◦] than for the neutral [θe((OH· · ·O) =171.6◦];

3) the oxygen-oxygen distance of the dimer radical cation [re(O1 · · ·O2) = 2.506 Å] is shorter

than that of the neutral [re(O1 · · ·O2) = 2.910 Å];

4) the H-bonded OH bond distance for the dimer radical cation [re(O2H4) = 1.048 Å] is

longer than that for the neutral [re(O1H4) = 0.965 Å];

5) the non H-bonded OH bond distances for the dimer radical cation [re(O2H5) ≈ re(O2H6)

= 0.971 Å] are longer than those of the neutral water dimer [re(O2H5) = re(O2H6) = 0.960

Å], but shorter than that of the isolated H3O
+ cation [re(OH) = 0.977 Å];

6) the non H-bonded OH bond distance of the dimer radical cation [re(O1H3) = 0.978 Å] is

elongated compared to those of the isolated OH radical [re(OH) = 0.971 Å] and especially

the neutral dimer [re(O1H3) = 0.958 Å];

7) the non H-bonded HOH bond angle for the (H2O)2
+ radical cation [θe(H5O2H6) = 110.2◦]

is larger than that for the neutral (H2O)2 [θe(H5O2H6) = 104.8◦], but smaller than that for

the isolated H3O
+ cation [θe(HOH) = 111.7◦].

GROUP B

Structure 6 and 9 (shown in Figure. 3) are similar to the group A structures because of

their proton transferred nature, but lack a hydrogen bond. These structures are not minima

on the potential energy surface.
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GROUP C

All seven structures in group C (shown in Figure. 4) lack hydrogen bonding between the

two H2O units; they are instead hemi-bonded complexes. Of all group C structures, only

7, which possesses C2 symmetry, is a local minimum. Comparing the water dimer radical

cation 7, to the neutral water monomer H2O, and the isolated water radical cation H2O
+,

there are some notable geometric differences due to complexation:

1) the OH bond distance for the dimer radical cation 7 [re(OH) = 0.977 Å] is in-between

those for H2O [re(OH) = 0.959 Å] and H2O
+ [re(OH) = 1.000 Å];

2) the HOH bond angle for the dimer radical cation 7 [θe(HOH) = 105.7◦] is in-between

those for H2O [θe(HOH) = 104.4◦] and H2O
+ [θe(HOH) = 109.3◦].

The water dimer radical cation 10 is the isomerization transition state connecting 1 and

7. The transition from 1 to 7 primarily involves the transfer of hydrogen atom 4 from O1

to O2, followed by a rotation of the H3-O1-H4 subunit. To trace the path of this proton

transfer reaction within the water dimer radical cation, the intrinsic reaction coordinate

(IRC) method was adopted using the aug-cc-pVDZ MP2 method. The schematic potential

energy surface (in kcal mol-1) is shown pictorially in Figure. 5, where selected geometries

along the intrinsic reaction coordinate (IRC) between 1, 10 and 7 are included. By starting

at the transition structure 10 and following the line of steepest decent in the metric of

mass-weighted coordinates we confirm that 10 does, indeed, connect structures 1 and 7.

The reaction path shows the hydrogen donor water fragment of the minimum C2 rotates one

of its hydrogen atoms toward the hydrogen acceptor water, and rotates another hydrogen

away from the acceptor, which connects to the transition state 10. Then the inner hydrogen

moves all the way to the oxygen of the hydrogen acceptor water, which connects to the global

minimum 1.

The other five stationary points in category C were located on the PES using symmetry

constraints to the structure.
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2.4.2 ELECTRON CONFIGURATIONS AND CHARGE DISTRIBUTION

ELECTRON CONFIGURATIONS OF STANDARD H2O, H2O+, (H2O)2, AND VERTICAL IONIZED

STATES OF (H2O)2

The highest occupied molecular orbitals (HOMO) of H2O, (H3O)+, and (H2O)2, and the

singly occupied molecular orbital (SOMO) of H2O
+ and OH· are shown in Figure. 6.

The ground electronic state of the H2O monomer X̃ 1A1 (C2v) has the electron configu-

ration

[core]2a211b
2
23a

2
11b

2
1,

where [core] denotes the lowest-lying core [O: 1s-like] orbital 1a1. The highest occupied

molecular orbital (HOMO) 1b1 is predominantly the 2p (out of plane orbital) of the O atom

The ground electronic state of the H2O
+ 2B1 (C2v) has the electron configuration:

[core]2a213a
2
11b

2
21b1,

where the singly occupied molecular orbital (SOMO) is the 1b1 orbital (2p of the oxygen

atom) as mentioned above. The ground electronic state of the neutral water dimer (H2O)2

X̃ 1A’ (Cs) has the electron configuration

[core]3a′24a′21a′′25a′26a′27a′28a′22a′′2,

where [core] denotes the two lowest-lying core [O: 1s-like] orbitals 1a′ and 2a′. The 7a′

orbital represents the in-plane O-H bonding orbital which is formed from the proton donor

3a1 orbital and the proton acceptor 1b1 orbital. The 8a′ orbital mainly consists of the O2

oxygen 2p orbital in the Cs plane, while the 2a′′ (HOMO) orbital represents the O1 oxygen

2p orbital perpendicular to the Cs plane. The orbital energy of the 8a′ orbital (−0.53 hartree

at the aug-cc-pVQZ RHF level) is significantly lower than that of the 2a′′ orbital (−0.48

hartree at the same level).

The lowest energy X̃ 2A” (Cs) vertical ionized state of the neutral water dimer has the

following electron configuration:

[core]3a′24a′25a′26a′21a′′27a′28a′22a′′,
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where the 8a′ and 2a′′ (SOMO) orbital energies are −0.72 and −0.66 hartree at the aug-

cc-pVQZ ROHF level, whereas the Ã 2A’ (Cs) vertical ionized state of the (H2O)2 has the

electron configuration:

[core]3a′24a′21a′′25a′26a′27a′22a′′28a′,

where the 2a′′ and 8a′ (SOMO) orbital energies are −0.93 and −0.73 hartree at the same

level.

ELECTRON CONFIGURATIONS OF THE WATER DIMER RADICAL CATION ISOMERS 1 AND 7

The singly occupied molecular orbitals (SOMO) of the (H2O)2
+ isomers 1 and 7 are

shown in Figure. 6.

The hydrogen-bonded equilibrium structure 1 of the water dimer radical cation (H2O)2
+

X̃ 2A (C1) in Group A has the following electron configuration:

[core]3a24a25a26a27a28a29a210a,

where [core] denotes the two lowest-lying core [O: 1s-like] orbitals 1a and 2a. The single

electron occupying the 10a orbital “experiences” predominantly O1 oxygen 2p character.

The hemi-bonded structure 7 of the water dimer radical cation (H2O)2
+ 2B (C2) has the

following electron configuration:

[core]2a22b23a23b24a24b25a25b,

where the 5b orbital (SOMO) also has O1 oxygen 2p character. For this isomer there is the

possibility of symmetry breaking of the ROHF reference wave function.70–73 In particular, the

SOMO may have a propensity to localize on either oxygen atom. We consider this problem

in more detail when discussing the vibrational frequencies of isomer 7.

CHARGE DISTRIBUTIONS OF THE NEUTRAL WATER DIMER AND THE WATER DIMER RADICAL

CATION ISOMERS 1 AND 7

NPA atomic populations74–76 for the neutral water dimer and the water dimer radical

cation isomers 1 and 7 are reported in Figure. 7. In order to form the cation, one electron
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must be removed from the electron-rich O1 2p orbital in neutral water dimer. There are

two possibilities for charge redistribution to prevent O1 from carrying a positive charge. The

lowest energy isomer 1 results from atom H4 migrating toward atom O2 to form H3O
+, and

OH·, which are bound by a hydrogen bond. The other option is for the monomers to reorient

and equally share the charge.

This will lead to isomer 7, which has C2 symmetry. The NPA results of isomer 1 and 7

with ROHF reference agree with those with UHF reference.

2.4.3 HARMONIC VIBRATIONAL ANALYSES: COMPARISON TO RELATED EXPERIMENTS

The 12 harmonic vibrational frequencies for the different structures of (H2O)2
+ at the

aug-cc-pVQZ CCSD(T) level of theory are presented in Table 2. The harmonic vibrational

frequencies for the two minima 1 and 7 with the six different basis sets at the CCSD and

CCSD(T) levels of theory are provided as Table III of supplementary materials, the IR

intensities at the cc-pVTZ CCSD level of theory are also included.

Accompanying the formation of the water dimer, six additional low frequency vibrational

motions are generated. Due to low energy barriers along those six vibrational modes, a

number of stationary points have been located on the potential energy surface, specifically

incorporating symmetry constraints for the dimer.

Among the five structures (1 – 5) in Group A (H2O–H+ · · ·OH hydrogen-bonded system),

isomer 1 is found to be the equilibrium structure, 2, 3, and 4 are transition states, and

structure 5 is a second-order saddle point. The eigenvectors for the imaginary vibrational

frequencies of structures 2 and 3 are associated with O1H3 group rotations along the O1H4O2

axis. Structures 2 and 3 connect the two mirror images of isomer 1 in trans− and cis−

conformation, respectively. The imaginary frequency of structure 4 may be attributed to

the constraint on the planar conformation of the H3O
+ fragment, since the eigenvector of

this frequency is the pyramidalization mode of H3O
+, leading to 1. There are two imaginary
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frequencies of structure 5, and the corresponding eigenvectors are related to the tilting of

the O1H3 bond from linearity and the pyramidalization of the planar H3O
+ fragment.

Group B structure 6 (H3O
+ · · ·OH) is found to be a transition state and structure 9

a second-order saddle point. The eigenvector corresponding to the imaginary frequency of

structure 6 involves the rotation of the H atoms of the H3O
+ fragment along the O· · ·O

axis to form a hydrogen-bonded structure. The two eigenvectors corresponding to imaginary

frequencies for structure 9 are related to the rotation of the H atoms along the O· · ·O axis

and the pyramidalization of the planar H3O
+ fragment.

Among the seven structures in Group C (the [H2O· · ·H2O]+ hemi-bonded system), isomer

7 is found to be a minimum, 8, 10, and 11 to be transition states, and structures 12 –14 to

be higher-order saddle points. The normal mode with an imaginary frequency for structure 8

lowers the symmetry from C2h (8) to C2 (7), while that for structure 11 lowers the symmetry

from C2v (11) to C2 (7). Structure 10 is the transition state for the isomerization reaction

between 1 and 7. The eigenvector of imaginary frequency (615i cm-1) lowers the symmetry

of 7 from C2 to C1 by shifting the H4 atom towards the O2 atom to form a hydrogen bond.

Among the 12 vibrational modes of all the water dimer radical cations, the four highest

frequencies are associated with the four OH stretching motions. Structures 1 – 3 in Group A

and structure 6 in Group B all have three HOH bending modes (the next highest frequencies)

related to the H3O
+ moiety of the cation, the third one corresponds to the pyramidalization

motion including all three OH bonds. While structures 4 and 5 in Group A and structure 9

in Group B present two HOH bending and one out-of-plane motions. The seven structures

(7, 8, 10 – 14) in Group C show two HOH bending motions from each of the H2O and H2O
+

fragments, respectively.

For the (H2O)2
+ isomer 1 the antisymmetric (ω1 = 3780 cm-1), and symmetric (ω2 = 3702

cm-1) stretches of the H3O
+ fragment, are higher than those for the isolated H3O

+ molecule,

whereas they are lower than those for the neutral water dimer. The third OH stretch (ω3 =

3666 cm-1, OH radical moiety) is lower than that (3738 cm-1) of the isolated OH radical,
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due to the longer OH bond distance. The shared O2H4 (ω4 = 2373 cm-1) stretching feature

of isomer 1 shows the lowest OH stretching frequency, reflecting the longest OH separation

(1.048 Å hydrogen-bonded) in the molecule.

Very recently, Gardenier, Johnson and McCoy (GJM) trapped the nascent [H3O
+ · ·OH]

exit channel intermediate via Ar-mediated ionization of the neutral water dimer. They char-

acterized the nature of the ion-radical complex using vibrational predissociation spectroscopy

of the Ar-tagged species.27 Gardenier reported the spectra of H4O2
+·Arn, for one or two argon

atoms bound to the H3O
+ end of the [H3O

+ · ·OH] complex. The Johnson – McCoy collab-

oration also computed the harmonic vibrational frequencies of the equilibrium structure at

the UMP2/aug-cc-pVDZ level. There are considerable differences between the experimental

fundamental and theoretical harmonic frequencies, presumably largely due to anharmonic

effects. The comparison of vibrational frequencies (in cm-1) from Gardenier, Johnson, and

McCoy and our research is shown in Table 3.

For both the one and two argon-bound [H3O
+ · ·OH] spectra, there are three peaks corre-

sponding to OH stretching, in the 3200 – 3600 cm-1region. The experimental asymmetric OH

stretches are at 3408 and 3591 cm-1, respectively, for the (H2O)2
+·Ar2 and (H2O)2

+·Ar com-

plexes. This large difference between the above two frequencies reflects the strong interaction

of the radical cation with argon. For isomer 1, from our research, the harmonic asymmetric

OH stretch (ω1) of the H3O
+ fragment at the aug-cc-pVQZ/CCSD(T) level is 3780 cm-1,

necessarily higher than the observed fundamentals, but in good agreement with the aug-cc-

pVDZ/UMP2 harmonic frequencies 3758 cm-1 for the no Ar-attatched (H2O)2
+ [3732 and

3614 cm-1 for (H2O)2
+·Arn (n = 1 and 2)]. The symmetric stretch harmonic frequency (ω2 =

3702 cm-1) of the H3O
+ fragment at the aug-cc-pVQZ/CCSD(T) level is also in reason-

able agreement with the aug-cc-pVDZ/UMP2 result at 3660 cm-1 [3450 and 3544 cm-1 for

(H2O)2
+·Ar and (H2O)2

+·Ar2]. The analogous experimental features for (H2O)2
+·Ar and

(H2O)2
+·Ar2 lie at 3392 and 3392 cm-1. The third high-frequency peak corresponding to the

OH stretch of the OH radical moiety, is observed at 3511 and 3499 cm-1 for (H2O)2
+·Ar
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and (H2O)2
+·Ar2. Our result (ω3 = 3666 cm-1) is in good agreement with GJM’s aug-cc-

pVDZ/UMP2 harmonic frequency at 3678 cm-1 [3685 and 3691 cm-1 for (H2O)2
+·Ar and

(H2O)2
+·Ar2].

With the introduction of the first and second argon atoms, there is an approximately

100 cm-1 blue shift in the shared O· · ·H stretch region (1800 – 2000 cm-1) of the spectra.

This experimental shift is opposite in direction to the shift in the exterior OH stretch [the

shared O· · ·H stretching frequency in H2O)2
+·Ar2 is higher than that in H2O)2

+·Ar]. We

predict this O· · ·H stretching mode to be at 2373 cm-1 for the Ar-free (H2O)2
+ from

the aug-cc-pVQZ/CCSD(T) level, 53 cm-1 higher than the aug-cc-pVDZ/UMP2 result for

(H2O)2
+ (2320 cm-1), but lower than the aug-cc-pVDZ/UMP2 results for (H2O)2

+·Ar and

(H2O)2
+·Ar2 (2475 and 2593 cm-1). GJM states that the fundamental in the intracomplex

proton-transfer mode appears as a triplet rather than as a single peak. They tentatively

assigned this feature to reflect the hindered OH rotational structure of the hydroxyl moiety,

built off the fundamental associated with the bridging proton vibration parallel to the O· · ·O

axis. In our research, among the seven proton-transferred structures in Group A (1 – 5) and

B (6 and 9), four structures (2 – 4, and 6) were found to be transition states, which may be

connected to the global minimum 1. Specifically, three transition states (2 – 4) lie no more

than 1.44 kcal mol-1 (0.60 kcal mol-1 with ZPVE corrections) above 1. Therefore, these low

barrier (low imaginary frequency) motions might produce such complicated triplet splitting

spectra for the Ar-tagged (H2O)2
+ complexes, as also suggested by GJM.

In the (H2O)2
+ vibrational spectrum, there is also a water bend region (1500 – 1600

cm-1), which corresponds to the intermolecular (HOH) bend of the hydronium constituent

or the off-axis displacement of the shared proton. We predict the corresponding harmonic

frequencies at 1719 and 1658 cm-1 with aug-cc-pVQZ/CCSD(T) method; while at aug-cc-

pVDZ/UMP2 level of theory, GJM computed the two harmonic frequencies at 1696 and 1643

cm-1 for the Ar-free (H2O)2
+.
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The four OH stretching frequencies of the hemi-bonded structure 7 fall between the two

OH stretching frequencies of the neutral water monomer and those of the water monomer

cation, due to the intermediate OH bond distances. The two HOH bending frequencies of

7 again fall between the bending frequencies of H2O and H2O
+, reflecting the intermediate

HOH bond angles. An orbital stability analysis of the ROHF wave function used in the

harmonic vibrational frequencies calculation reveals that there is one instability connected

to the mixing of SOMO and SOMO − 1. This leads to localization of the SOMO and SOMO

− 1 as well as charge localization on the two equivalent oxygen atoms. In order to examine

the effect of this orbital instability on the frequencies, we have reoptimized the geometry and

recomputed vibrational frequencies for isomer 7 at the UHF UCCSD level using the cc-pVTZ

basis set. At this level of theory, the UHF reference does not show any orbital instability

and the relative energy and frequencies are in very good agreement with the ROHF-UCCSD

results. The UHF UCCSD relative energy deviates from the ROHF-UCCSD value by 0.44

kcal mol-1. The largest shift in the vibrational frequencies is found for the HOH wagging

(B) mode (676 cm-1 for UHF-UCCSD and 660 cm-1 for ROHF-UCCSD). Consequently, we

believe that for the highly correlated wave functions adopted in the work, there are no

significant effects from the instability of the ROHF reference on the energetics and the

physical properties of water dimer cation. Table 2 reveals that structures 13 and 14 possess

imaginary vibrational frequencies with alarming high magnitudes. To confirm that these are

not artifacts of symmetry breaking, we preformed stability analyses on the ROHF reference

wavefunctions, confirming their stability. UHF-UCCSD theory yields similar results.

2.4.4 ENERGETICS

The schematic potential energy surface [CCSD(T) level with aug-cc-pVQZ basis] for

proton-transfer and dissociation processes for the hemi-bonded isomer 7 and the hydrogen-

bonded isomer 1 is shown in Figure. 8. The complete list of electronic energies for all sta-

tionary points is provided in the supplementary material.
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Relative energies (in kcal mol-1) of all the stationary points of (H2O)2
+ with respect to

the global minimum of water dimer radical cation (isomer 1) at the CCSD and CCSD(T)

levels with the cc-pVQZ and aug-cc-pVQZ basis sets are presented in Table 4. The energy

differences between these 14 stationary points are in the range 0.05 45.5 kcal mol-1 with the

aug-cc-pVQZ CCSD method, and 0.05 – 44.6 kcal mol-1 with the aug-cc-pVQZ CCSD(T)

method.

At our highest level of theory, aug-cc-pVQZ CCSD(T), the global minimum of the water

dimer radical cation isomer 1 (in group A, hydrogen-bonded system) is predicted to be 7.1

kcal mol-1 (8.8 kcal mol-1 with the zero point vibrational energy, ZPVE) lower in energy

than isomer 7 in Group C (hemi-bonded system). Gill and Radom computed this energy

difference to be 8.9 kcal mol-1 at the MP4/6-311G(MC)**//MP2/6-31G* level of theory,55

while Sodupe and Bertran determined the energy difference to be 9.8 kcal mol-1 at the

MCPF/TZ2P++//MP2/TZ2P++ level of theory,56 and 7.7 kcal mol-1 using DFT.77 Quite

recently, Pieniazek et al. computed the energy difference of the two isomers to be 8.2

kcal mol-1 at the CCSD(T)/6-311++G**//EOM-IP-CCSD/6-311++G** level of theory.1

The energy barrier for the forward (1 → 10 → 7) reaction between the two isomers is

here predicted to be 15.1 (also 15.1 with ZPVE correction) kcal mol-1 at the aug-cc-pVQZ

CCSD(T) level of theory. For the reverse (7 → 10 → 1) reaction the barrier is predicted to

be 8.1 (7.4 with ZPVE correction) kcal mol-1.

The potential energy surface that connects the hydrogen-bonded isomers 1, 2 and 3 is

extremely flat. The transition states 2 (trans−Cs) lies 0.05 kcal mol-1, and 3 (cis−Cs) is 0.73

kcal mol-1 higher in energy than the global minimum 1 at the aug-cc-pVQZ CCSD(T) level.

With ZPVE correction, 2 (trans−Cs) is 0.06 kcal mol-1 lower in energy and 3 (cis−Cs) is

0.60 kcal mol-1 higher in energy at the same level of theory. Since the imaginary vibrational

frequencies of 2 and 3 are only 78 and 158 cm-1 (0.22 and 0.45 kcal mol-1), such small PES

energy differences cannot hinder essentially free O1H3 rotation about the O1H4O2 axis.
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The neutral water dimer (H2O)2 (1A’ state with Cs symmetry) obviously has a lower

energy than two separated water molecules. This is due to hydrogen bonding, yielding a

destabilization of the HOMO orbital of the proton donor and stabilization of the HOMO

orbital of the proton acceptor. Removing one electron from the neutral water dimer forms a

2A” vertical ionized state, and subsequent geometrical relaxation of the 2A” ionic state leads

to the structure with the hydrogen atom involved in the hydrogen bonding transferred to

the water acceptor molecule.

The binding energies of (H2O)2
+ with respect to isolated H3O

+ plus OH· and isolated

H2O
+ plus H2O are presented in Table 5. With the aug-cc-pVQZ basis set, the binding

energies for the 14 stationary points fall in the range 0.9 – 46.4 kcal mol-1 (CCSD), 2.1

– 46.7 kcal mol-1 [CCSD(T)] compared to (H2O
++ H2O) fragments. Therefore, all these

stationary points of the water dimer radical cation are at least somewhat more favorable

than the isolated H2O
+ and H2O molecules. The total energy of isolated OH radical and

H3O
+ molecules is lower than the isolated H2O and H2O

+ molecules [24.8 kcal mol-1 lower at

CCSD and 24.4 kcal mol-1 lower at CCSD(T)]. The binding energies for all these stationary

points with respect to the fragments (H3O
++ OH·) are determined to be −23.9 – 21.7

kcal mol-1 (CCSD), and −22.3 – 22.3 kcal mol-1 [CCSD(T)]. The water dimer radical cation

structures 12, 13, and 14 have higher energies than the isolated H3O
+ and OH· molecules.

The binding energies in Table V confirm that the dissociation of (H2O)2
+ is more likely going

through the oxonium channel (H3O
++ OH·) rather than the water channel (H2O

++ H2O),

especially considering the structure of 1.

Relative energies (in eV) of all the stationary points of (H2O)2
+ with respect to the

ground electronic state of the neutral water dimer X̃ 1A’ at the CCSD and CCSD(T) levels

with the cc-pVTZ, cc-pVQZ, aug-cc-pVTZ and aug-cc-pVQZ basis sets are displayed in

Table 6. With the aug-cc-pVQZ basis set, the energy differences range 10.74 – 12.71 eV at

the CCSD level and 10.84 – 12.77 eV at CCSD(T) level. Including the zero point vibrational
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energy (ZPVE) correction, the energy differences are 10.71 – 12.57 eV and 10.81 – 12.63 eV

at the CCSD and CCSD(T) levels of theory with the same basis set, respectively.

The adiabatic ionization energy of the water dimer from our study is 10.8 eV (also 10.8

eV with ZPVE correction) using the aug-cc-pVQZ CCSD(T) method, which is in excellent

agreement with the experimental adiabatic (threshold) ionization energy of 10.8 – 10.9 eV.

The theoretical 2A” state vertical ionization energy of 11.9 eV at the same level of theory is in

reasonable agreement with the experimental value of 12.1 ± 0.1 eV.52 This large difference

(1.1 eV) between the vertical and adiabatic ionization energies is due to the tremendous

change in the equilibrium geometries between the neutral water dimer and the water dimer

radical cation. The theoretical vertical ionization energy for the 2A’ state is 13.2 eV (at the

same level of theory), where the experimental value is 13.2 ± 0.2 eV.52 This IP is significantly

higher than the first ionization energy, reflecting the considerable difference in the 2a′′ (−0.48

hartree) and 8a′ (−0.53 hartree) orbital energies for the neutral water dimer.

2.5 CONCLUSIONS

Ab initio coupled-cluster electronic structure theory has been employed in order to inves-

tigate the water dimer radical cation molecules. Fourteen stationary points have been located

on the electronic doublet ground state PES. Based on the harmonic vibrational frequency

analyses, two minima (0i) with C1 and C2 symmetries, 7 transition states (1i), and 5 higher

order saddle points (2i or more) have been characterized. Stationary point geometries and

energetics are very sensitive to basis sets and levels of sophistication. At our highest level

of theory, aug-cc-pVQZ CCSD(T), the energy differences among all these radical cation sta-

tionary points fall in the range of 44.6 kcal mol-1. The global minimum of the water dimer

radical cation has been confirmed to be a hydrogen-bonded system with C1 point group

symmetry 1, which lies 7.1 (8.8 with ZPVE correction) kcal mol-1 lower in energy than the

hemi-bonded isomer 7 with C2 point group symmetry. The dissociation energy of isomer 1 via

the oxonium channel [H2O–H+ · · ·OH → H3O
++ OH·] has been predicted to be 22.3 (26.4
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with ZPVE correction) kcal mol-1. The dissociation energy of isomer 7 via the water channel

[(H2O)2
+ → H2O

++ H2O] is predicted to be 39.6 (34.7 with ZPVE correction) kcal mol-1.

The energy barrier for the forward (1 → 10 → 7) isomerization reaction between the two

isomers has been determined to be 15.1 (also 15.1 with ZPVE correction) kcal mol-1 at the

aug-cc-pVQZ CCSD(T) level of theory. Therefore, the dissociation of the water dimer cation

is likely to occur via the oxonium channel.
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Table 2.1: Optimized geometrical parameters of (H2O)2 and the fourteen stationary points of (H2O)2+ at
the aug-cc-pVQZ CCSD(T) level of theory. Bond lengths are in Å, bond angles and dihedral angles are in
degrees.

Structure rO1O2 rO2H4 θO2H4O1 θH5O2H4 τH4O1O2H3 τH5O1O2H4 τH6O1O2H4

(H2O)2 Cs 2.910 1.951 171.6 110.9 0.0 122.9 −122.9

1 C1 2.506 1.048 173.4 112.8 −39.7 −154.5 −28.3

2 trans-Cs 2.513 1.049 177.4 113.0 0.0 117.8 −117.8

3 cis-Cs 2.508 1.046 169.9 114.0 0.0 −66.6 66.63

4 planar Cs 2.469 1.054 172.1 122.8 0.0 0.0 180.0

5 planar C2v 2.548 1.006 180.0 121.1 0.0 – –

6 Cs 2.548 0.974 30.3 112.5 180.0 −83.3 83.3

7 C2 2.024 2.296 61.7 123.0 106.6 −156.7 96.8

8 C2h 2.029 2.342 59.5 120.5 106.2 180.0 73.8

9 planar C2v 2.511 0.966 0.0 122.5 0.0 – –

10 C1 2.210 1.715 106.2 130.5 104.5 −133.7 118.4

11 cis-bifurcated C2v 2.505 3.172 38.5 50.4 180.0 90.0 −90.0

12 trans-bifurcated C2v 2.693 3.373 38.8 124.4 180.0 90.0 −90.0

13 D2h 1.897 2.511 41.4 138.6 180.0 180.0 0.0

14 planar C2v 2.173 2.150 78.3 152.0 180.0 180.0 0.0
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Table 2.2: Harmonic vibrational frequencies (in cm-1) of the neutral water dimer (H2O)2 and the fourteen
stationary points of water dimer radical cation (H2O)2+ at the aug-cc-pVQZ CCSD(T) level of theory.

ω1 ω2 ω3 ω4 ω5 ω6 ω7 ω8 ω9 ω10 ω11 ω12

H2O 3940 3831 1649

H2O+ 3440 3383 1474

H3O+ 3699 3699 3600 1699 1699 896

OH 3738

neutral 3931 3912 3825 3748 1671 1651 618 354 186 151 143 127

1 3780 3702 3666 2373 1719 1658 1050 617 503 400 360 98

2 3776 3700 3662 2364 1675 1651 1157 625 447 439 359 78i

3 3787 3708 3668 2403 1670 1649 1111 579 454 452 357 158i

4 3872 3769 3663 2254 1692 1568 784 618 396 375 148 521i

5 3864 3764 3738 3033 1674 1621 584 475 334 330 476i 620i

6 3728 3720 3628 3588 1680 1655 1016 403 289 284 246 349i

7 3713 3711 3638 3594 1611 1585 804 653 637 631 481 67

8 3709 3708 3637 3592 1621 1584 808 654 641 631 477 52i

9 3841 3762 3728 3650 1609 1557 468 321 285 257 328i 663i

10 3815 3702 3575 3351 1610 1545 637 511 465 412 302 615i

11 3865 3783 3337 3270 1685 1461 465 454 348 332 172 600i

12 3908 3817 3472 3404 1679 1462 328 290 173 162i 252i 576i

13 3884 3883 3710 3672 1497 1130 565 545 532 330i 1096i 1244i

14 3869 3816 3756 3558 1573 568 523 353 81 383i 603i 2042i
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Table 2.3: Comparison of the present water dimer radical cation vibrational frequencies (cm-1) with those
of Gardenier, Johnson, and McCoy.27 The latter authors also report results for (H2O)2+·Arn (n=0, 1 and 2).
The theoretical frequencies are harmonic, while the experimental frequencies are fundamentals.

mode motion

(H2O)+2 (H2O)+2 ·Ar (H2O)+2 ·Ar2

CCSD(T) UMP2

Experiment

UMP2

Experiment

UMP2

aug-cc- aug-cc- aug-cc- aug-cc-

pVQZ pVDZ pVDZ pVDZ

νφ 98 99 89 89

νbend 1658 1643 1543 1635 1601 1644

νsp(⊥) 1719 1696 1699 1697

νsp(‖)
O          O  .→→ 2373 2320

1863

2479

1916

26011975 2021

2078 2155

νsymOH2

O          O...

→

→

3702 3660 3392 3534 3392 3538

νOH

O          O...

→

3666 3678 3511 3685 3499 3692

νasymOH2

O          O... →
→ 3780 3758 3591 3732 3408 3607
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Table 2.4: Relative energies (in kcal mol-1, ZPVE corrected values in parentheses) of the fourteen stationary
points of the water dimer radical cation (H2O)2+ with respect to isomer 1 at the CCSD and CCSD(T) levels.

CCSD/cc-pVQZ CCSD/aug-cc-pVQZ CCSD(T)/cc-pVQZ CCSD(T)/aug-cc-pVQZ

1 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

2 0.04 (−0.07) 0.05 (−0.06) 0.04 (−0.08) 0.05 (−0.06)

3 0.74 (0.58) 0.71 (0.58) 0.75 (0.60) 0.73 (0.60)

4 1.37 (0.26) 1.39 (0.27) 1.42 (0.29) 1.44 (0.31)

5 4.19 4.18 5.29 5.24

6 6.30 6.25 6.75 6.67

7 10.15 (12.01) 9.90 (11.74) 7.41 (9.14) 7.09 (8.80)

8 10.15 (11.94) 9.90 (11.69) 7.41 (9.05) 7.10 (8.72)

9 8.68 8.62 9.26 9.17

10 16.81 (16.99) 16.65 (16.49) 15.37 (15.41) 15.14 (15.14)

11 20.34 (19.35) 20.27 (19.23) 20.27 (19.25) 20.18 (19.10)

12 36.59 36.11 36.85 36.29

13 36.75 36.38 34.71 34.24

14 45.89 45.52 45.09 44.63
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Table 2.5: Relative energies (in kcal mol-1, ZPVE corrected values in parentheses) of the fourteen stationary
points of water dimer radical cation (H2O)2+ with respect to the water (H2O++ H2O) and the oxonium
(H3O++ OH) dissociation channels at the CCSD and CCSD(T) levels using the aug-cc-pVQZ basis set.

Structure (H2O+-H2O) (H3O+-OH)

CCSD/ CCSD(T)/ CCSD/ CCSD(T)/

aug-cc-pVQZ aug-cc-pVQZ aug-cc-pVQZ aug-cc-pVQZ

1 C1 46.43 (43.20) 46.68 (43.52) 21.66 (25.69) 22.31 (26.38)

2 trans-Cs 46.38 (43.26) 46.64 (43.58) 21.61 (25.75) 22.27 (26.43)

3 cis-Cs 45.71 (42.62) 45.96 (42.92) 20.94 (25.11) 21.59 (25.77)

4 planar Cs 45.03 (42.93) 45.24 (43.21) 20.26 (25.42) 20.88 (26.06)

5 planar C2v 42.25 41.44 17.48 17.07

6 Cs 40.18 40.01 15.41 15.64

7 C2 36.53 (31.46) 39.59 (34.72) 11.76 (13.95) 15.22 (17.57)

8 C2h 36.53 (31.51) 39.59 (34.80) 11.76 (14.00) 15.22 (17.65)

9 planar C2v 37.81 37.51 13.04 13.14

10 C1 29.78 (26.71) 31.54 (28.39) 5.01 (9.20) 7.17 (11.24)

11 cis-bifurcated C2v 26.16 (23.97) 26.50 (24.42) 1.39 (6.46) 2.13 (7.27)

12 trans-bifurcated C2v 10.31 10.39 -14.45 -13.98

13 D2h 10.05 12.45 -14.72 -11.92

14 planar C2v 0.90 2.05 -23.87 -22.32
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Table 2.6: Relative energies (in eV, ZPVE corrected values in parentheses) of the 2A” and 2A’ vertical
ionized states of the neutral water dimer and the fourteen stationary points of water dimer radical cation
(H2O)2+ with respect to the ground electronic state of the neutral water dimer at the CCSD and CCSD(T)
levels.a

CCSD/ CCSD(T)/ CCSD/ CCSD(T)

aug-cc-pVQZ aug-cc-pVQZ aug-cc-pVQZ aug-cc-pVQZ

(H2O)2 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
2A’ 13.22 13.28 13.16 13.21
2A” 11.71 11.77 11.78 11.85

1 10.66 (10.63) 10.74 (10.72) 10.74 (10.72) 10.84 (10.81)

2 10.66 10.74 10.75 10.84

3 10.69 10.77 10.78 10.87

4 10.72 10.80 10.81 10.90

5 10.84 10.92 10.97 11.06

6 10.93 11.01 11.04 11.13

7 11.10 (11.15) 11.17 (11.23) 11.07 (11.11) 11.14 (11.19)

8 11.10 11.17 11.07 11.14

9 11.03 11.11 11.15 11.23

10 11.39 11.46 11.41 11.49

11 11.54 11.62 11.62 11.71

12 12.24 12.30 12.34 12.41

13 12.25 12.32 12.25 12.32

14 12.65 12.71 12.70 12.77

a Experimental value = 10.8 – 10.9 eV from Ref. 14.
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H2O+ H2O

H3O+
OH

(H2O)2

Figure 2.1: Geometries of the water radical cation, water, hydronium, hydroxyl radical, and the
neutral water dimer predicted at the CCSD(T) level of theory using the aug-cc-pVQZ basis set.
Bond distances are in Å and bond angles in degrees.
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3O1

6

4O2

5

1 1.1
180.0

1.006

121.1

0.965 180.0

1.542

117.9

0.972

1. C1

2. trans-Cs

3. cis-Cs

4. planar-Cs

5. planar-C2v

Figure 2.2: Geometries of the water dimer radical cation structures 1 – 5 predicted at the CCSD(T)
level of theory using the aug-cc-pVQZ basis set. Bond distances are in Å and bond angles in
degrees.
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6

4 O2 O1

5

3

57.5

0.966
0.971

122.5

2.511
0.973

180.0

6. Cs

9. planar-C2v

Figure 2.3: Geometries of the water dimer radical cation structures 6 and 9 predicted at the
CCSD(T) level of theory using the aug-cc-pVQZ basis set. Bond distances are in and bond angles
in degrees.
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4

5

O1
O2

3

6

2.693

128.2125.4 0.961

103.6
109.2

0.998

7. C2 8. C2h

10. C1

11. cis-bifurcated-C2v

12. trans-bifurcated-C2v

13. D2h

14. planar-C2v

Figure 2.4: Geometries of the water dimer radical cation structures 7, 8 and 10 – 14 predicted at
the CCSD(T) level of theory using the aug-cc-pVQZ basis set. Bond distances are in Å and bond
angles in degrees.
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Figure 2.5: Intrinsic reaction coordinate (IRC) for the proton-transfer process involving water
dimer radical cation structures 1, 7 and 10 at the aug-cc-pVDZ MP2 level of theory.
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H2O
+

SOMO   1b1

H2O

HOMO   1b1

H3O
+

HOMO   3a1

OH

SOMO   1π

Neutral water dimer   HOMO   2a”

Water dimer radical cation   SOMO

1. C1   10a 7. C2   5b

Figure 2.6: Singly occupied molecular orbitals (SOMO) of H2O+, OH, and the (H2O)2+ equilibria
1 and 7. Also shown are the highest occupied molecular orbitals (HOMO) of H2O, H3O+, and the
(H2O)2.
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The neutral water dimer

0.47

0.47
-0.93

0.49

-0.95

0.45

The water dimer radical cation
1. C1

-0.80 (-0.80)

0.55 (0.55)

0.57 (0.57)

0.48 (0.47)

-0.36 (-0.35)

7. C2

0.56 (0.56)

0.52 (0.53) 0.52 (0.53)

-0.55 (-0.57) -0.55 (-0.57)

0.53 (0.54) 0.53 (0.54)

Figure 2.7: NPA atomic populations for the neutral water dimer and the water dimer radical cation
isomers 1 and 7 with ROHF reference (values with UHF reference are in parentheses).
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Figure 2.8: Schematic potential energy surface (in kcal mol-1, ZPVE corrected values in paren-
theses) showing proton-transfer and dissociation processes for the hemi-bonded and hydrogen-
bonded water dimer radical cation structures 1, 7 and 10 at the aug-cc-pVQZ CCSD(T) level of
theory.
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3.1 ABSTRACT

The cyclic, trans, and cis BNNO molecules and the two isomerization reactions on their dou-

blet electronic states potential energy surface (PES) are systematically investigated. Ab initio

self-consistent field (SCF), complete active space self-consistent field (CASSCF), coupled cluster

with single and double excitations (CCSD), and CCSD including perturbative triple excitations

[CCSD(T)] quantum mechanical techniques were employed, in conjunction with Dunning’s correla-

tion consistent polarized valence basis sets (cc-pVXZ and aug-cc-pVXZ, where X = D, T, and Q).

All stationary points located on the doublet PES lie within 19 kcal mol-1 of the global minimum

cyclic isomer at the aug-cc-pVQZ CCSD(T) level of theory. The cyclic and trans minima are sep-

arated by 2.4 kcal mol-1 with an interconversion barrier (cyclic → TS2 →trans) of 18.3 kcal mol-1;

trans and cis isomers are separated by 10.4 kcal mol-1 with a barrier (trans → TS1 → cis) of 10.4

kcal mol-1. The dissociation energies BNNO (X̃ 2A′) → B (2Pu) + NNO (X̃ 1Σ+) for the cyclic,

trans, and cis isomers are predicted to be 39.7, 37.3, and 27.0 kcal mol-1, respectively. The diatomic

fragment dissociation energies BNNO (X̃ 2A′) → BN (X 3Π) + NO (X 2Σ+) for the three isomers

are determined to be 50.7, 48.4, and 38.0 kcal mol-1, respectively. Additionally, fundamental vibra-

tional frequencies are computed for the cyclic and trans isomers through application of second-order

vibrational perturbation theory (VPT2) at the cc-pCVTZ CCSD(T) level of theory. Comparison of

the resulting vibrational frequencies and their isotopic shifts with those determined experimentally

by Wang and Zhou yields the surprising result that the B (2Pu) + NNO (X̃ 1Σ+) reaction leads to

formation of the trans isomer. The latter structure is not the global minimum, rather the second

lowest lying isomer. This apparent disparity is rationalized by detailed examination of the PES

describing this reaction.

3.2 INTRODUCTION

In the past few decades, boron nitrides have attracted much attention since they have various

technical applications in nuclear technology, the semiconductor industry, and the steel industry,

taking advantage of their mechanical, thermal, and electrical properties as well as their chemical

inertness.1,2 For the amount of energy stored in a given system or region of space per unit volume,
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or per unit mass, boron is well known for its high energetic density, among many kinds of propellant

additives.3 Therefore, boron has potential applications as an advanced fuel in propulsion systems.4

During the burning of boron-containing propellants, some portions of boron are oxidized to boron

oxide releasing a large amount of energy, while some boron nitride (BN) is formed.5,6

As an important molecule in atmospheric chemistry, nitrous oxide (N2O) has also received

considerable attention and interest. In chemical industry, nitrous oxide is an effective oxidation

agent.7–23 Many experiments indicate that nitrous oxide is also important in the thermal decom-

position of various propellants.3 N2O is often used as a catalytic species for burn-rate modification

of nitramine propellants as well.24,25

The reaction of boron and nitrous oxides and the resulting intermediate generation is an

intriguing topic. In 2007, Wang and Zhou reported a combined matrix isolation infrared (IR) spec-

troscopic and theoretical study of the BNNO and AlNNO molecules.26 The BNNO and AlNNO

molecules were prepared via the reactions of laser-evaporated boron and aluminum atoms with

nitrous oxide (N2O) in solid argon and were identified on the basis of isotopically substituted IR

absorptions as well as theoretical (density functional theory) calculations. From co-deposition of

laser-evaporated isotopic-enriched 10B atoms with 0.5% N2O in argon matrix, a group of new IR

absorptions at 1837.0, 1502.3, 838.2, and 633.8 cm-1 were observed, along with strong N2O absorp-

tions. These four absorptions were assigned to the B-N stretching (1837.0 cm-1), N-O stretching

(1502.3 cm-1), N-N stretching (838.2 cm-1), and in plane bending (633.8 cm-1) modes of the 10BNNO

molecule.1 The experiment was repeated with naturally abundant boron atoms, yielding absorp-

tions at 1795.7, 1500.3, 836.5, and 626.9 cm-1 with IR intensities approximately four times stronger

than the above mentioned absorptions. The latter vibrational features were assigned to the corre-

sponding modes of the 11BNNO molecule. In order to confirm their findings, Wang and Zhou carried

out B3LYP DFT computations with the 6-311+G* basis set; the BNNO molecule was predicted to

have a 2A′ ground electronic state with a planar trans structure.

Wang, Li, Zhang, Sheng, and Yu reported a theoretical study of boron nitride (BN) generated

from the boron atom and several nitrogen oxides.3 BN is one of the products formed in the burning

of boron-containing propellant. Possible mechanisms for the reactions of boron and nitrogen oxides

(NO, NO2, and N2O) were investigated using the G2-MP2 method. The reactions of the ground state
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boron atom B (2Pu) with nitrogen oxides were determined to be endothermic, while the reactions of

an excited quartet state of the boron atom B (4Pg) and nitrogen oxides are exothermic, and the BN

product can be formed. For the BN formation reaction B (4Pg) + N2O→ BN + NO, two trans and

two cis forms of the BNNO molecule were located on the quartet potential energy surface (PES).

Among the four, one trans and one cis forms were found as the reaction intermediates and the other

trans and cis BNNO structures were characterized as transition states from the intermediates to

the final products (BN + NO).

In this study we make the first attempt to theoretically interpret the experimentally observed

vibrational frequencies by explicitly considering the effects of anharmonicity. Furthermore, we

extend the previous studies of the potential energy surface by employing significantly more reliable

methodologies and reveal a previously neglected isomer which, surprisingly, is revealed to be the

global minimum.

3.3 THEORETICAL METHODS

In this work, six correlation-consistent basis sets cc-pVXZ and aug-cc-pVXZ, where X =

D, T, and Q, developed by Dunning and co-workers27,28 were employed. Ab initio theoretical

techniques included restricted open-shell Hartree-Fock (ROHF), unrestricted Hartree-Fock (UHF),

complete active space self-consistent field (CASSCF),29,30 spin-unrestricted coupled cluster with

single and double excitations (UCCSD),31,32 and UCCSD with perturbative triple excitations

[UCCSD(T)].33–35 For the unrestricted coupled cluster computations, an ROHF reference wave

function was used to control spin contamination. Computations were performed with the molpro

program suite,36 the Mainz-Austin-Budapest (MAB) version of the acesii program suite,37,38 and

psi339 quantum chemistry suite packages.

The four core orbitals (1s-like orbitals of B, N, and O) were frozen in all correlated calculations.

The T1 diagnostic values40 of the five stationary points are 0.027 (cyclic isomer), 0.022 (trans

isomer), 0.035 (cis isomer), 0.032 (TS1), and 0.034 (TS2) at the cc-pVQZ UCCSD(T) optimized

geometries. Analytic and numerical gradient methods were used to optimize geometries and to

determine the dipole moments, harmonic vibrational frequencies, and associated IR intensities.

Vibrational anharmonicities were computed by application of second-order perturbation theory41–48
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(VPT2) to the quartic force field. The grendel49 program was used to compute the force constants

in internal coordinates, while intder200550–54 was used to perform the nonlinear transformation

of the force constants from the internal to Cartesian coordinates. The anharm53,55 program was

adopted for the VPT2 analysis.

3.4 RESULTS AND DISCUSSION

3.4.1 CASSCF WAVE FUNCTIONS

The electron configurations of the the linear NNO (X̃ 1Σ+) and the cyclic, trans, cis BNNO

isomers, as well as the two isomerization reaction transition states (TS1 and TS2) connecting them

are shown in supplementary material Table S1. The five highest-lying occupied molecular orbitals

(MO) of the five stationary points of BNNO molecule and the linear NNO molecule are depicted

in supplementary material Figures S1−S6.56

In order to analyze correlation effects on the geometrical parameters and physical properties,

full valence (19e/16MO) cc-pVQZ CASSCF wave functions were constructed for the five stationary

points at the cc-pVQZ UCCSD(T) optimized geometries. There are 17,705,688 configuration state

functions (CSFs) in Cs point group symmetry. Furthermore, since multi-reference character might

be present, given the moderately large T1 diagnostics, we will examine the contributions of the

reference wave function and important excited configurations. Therefore, the CI coefficients based

on natural orbitals (NOs), presented in Table S2, are employed in the following discussion.

For cyclic BNNO, the (2a′′)2 → (3a′′)2 double excitation provides the most significant correction

to the reference configuration. For trans BNNO, the three most significant contributions to the

CASSCF wave function come from the (2a′′)2 → (3a′′)2, (11a′)2 → (13a′)2, and (1a′′)2 → (4a′′)2

double excitations relative to the reference configuration. A major contribution to the CASSCF

wave function for cis isomer comes from the (13a)2 → (15a)2 double excitation. Similar to the cis

isomer, the primary contribution to the CASSCF wave function of TS1 comes from the (13a)2 →

(15a)2 double excitation, and the two important additional contributions are the (12a)2 → (16a)2

and (11a)(13a) → (14a)(15a) double excitations. It should be noted that the CI coefficient of

the reference configuration for the TS1 transition state (C1 = 0.912) is the same as the cis
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isomer, but smaller than those for the cyclic and trans isomers. For TS2, three important double

excitations, (2a′′)2 → (3a′′)2, (11a′)2 → (11a′)(12a′)(13a′), and (11a′)2 → (13a′)2 contribute to

the CASSCF wave function. The CI coefficient of the reference configuration for the TS2 transition

state (C1 = 0.914) is smaller than those of the cyclic and trans isomers, as a result of the elongated

bonds in the transition state. Despite the significant presence of some excited configurations, the

reference CI coefficients should be large enough in all cases for single reference coupled cluster

theory to be reliable.

3.4.2 GEOMETRIES

The optimized geometries for the five stationary points of the BNNO molecule are presented in

Figure 1 and Table S3.

In the following discussion we used the most reliable aug-cc-pVQZ CCSD(T) geometries for

all species, with the exception of TS1, for which we encountered difficulties. Notwithstanding the

change (0.5◦) in θe(BNN) for the cis isomer, which has a very flat potential surface, it is evident

from Table S3 that the aug-cc-pVQZ and cc-pVQZ geometries are nearly identical. In part for this

reason, it was decided not to further pursue the aug-cc-pVQZ CCSD(T) geometry for TS1; instead

we performed a single point energy computation at this level of theory using the cc-pVQZ CCSD(T)

geometry, anticipating negligible error in the resulting barrier height.

The re(BN) bond distances in the five stationary points of the BNNO molecule are all predicted

to be 1.417−1.437 Å, except for the trans minimum. These 1.4 Å values are very close to those

of the boron and nitrogen containing three-membered rings from Richard and Ball’s theoretical

work57 [1.410 Å for both trans and cis diazaboridine, and 1.420 Å for boradiazirine computed at

the 6-31G(d,p) B3LYP level], in which B−N being a single bond. The trans BNNO isomer has the

shortest BN bond distance of 1.257 Å, which may be attributed to the two BN π-bonding (out-

of-plane 2a′′ MO and in-plane 11a′ MO) orbitals shown in Figure S2. This bond length is shorter

than those for BN (X 3Π) (1.330 Å), which is considered to have the character between a double

and a triple bond, and BN (a 1Σ+) (1.277 Å),58 which is considered as a triple bond.

The N−N bond distances of the cyclic and trans minima are 1.351 Å and 1.373 Å, respectively,

much longer than those of isolated nitrous oxide (N−N triple bond59 1.129 Å) and diazene (N−N
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double bond 1.252 Å), much shorter than those of cis diazaboridine (1.585 Å)57 and hydrazine

(1.460 Å)?, and close to that predicted for boradiazirine (1.300 Å)57 at the B3LYP 6-31G(d,p)

level. Therefore, the NN bonds in the cyclic and trans isomers fall between single and double

bonds. For the cis minimum and the TS1 transition state, the N−N bond lengths are very close to

diazene.

All of the O−N bond distances fall in the range 1.181 Å − 1.201 Å for the five stationary points.

These values are much longer than that for (X 2Π) diatomic nitric oxide (1.153 Å). Except for TS2,

the O−N bond distances of the other four stationary points are also slightly longer than that for

N2O (1.188 Å).

The equilibrium bond angle θe(BNN) of the trans isomer is predicted to be the largest, around

164◦, which suggests near sp hybridization for the B and N atoms. On the other hand, the bond

angle θe(NNO) of the trans isomer is determined to be the smallest among the five stationary

points, about 114◦, indicating something between sp2 and sp3 N and O hybridization. For the cis

isomer, the bond angles θe(BNN) and θe(NNO) are predicted to be 137.4◦ and 134.7◦, respectively.

These geometrical features indicate a combination of sp and sp2 hybridization for the B and N

atoms, and the same type of hybridization for the O and N atoms in the cis isomer.

3.4.3 INTRINSIC REACTION COORDINATE (IRC)

Intrinsic reaction coordinate (IRC) analyses61–64 are commonly used to ascertain the nature

of transition states; this requires locating a reaction coordinate which is achieved by following

appropriately mass-weighted energy gradients. The torsional motion that connects the cis and

trans BNNO isomers has an extremely flat potential in the vicinity of the transition states, as

exemplified by the small cis BNNO−TS1 separation of just 0.06 kcal mol-1; this makes gradient-

following algorithms susceptible to numerical error. Instead we manually varied the torsional angle,

which is the primary contributor to the reaction coordinate, relaxing all other degrees of freedom to

construct a potential energy curve at the cc-pVTZ CCSD(T) level of theory. This analysis, which is

displayed in Figure 2, shows that the cis isomer does not reside in a deep enough potential well to be

feasibly isolable and its formation would immediately be followed by isomerization to trans BNNO.

The region of Figure 2 around the C1 cis BNNO minimum reveals that equilibrium structure of
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this isomer is ill-defined, as isomerization between the two equivalent C1 minima occurs through a

Cs symmetry transition state that is almost isoenergetic.

The transition state connecting the cyclic and trans BNNO minima is much more well-defined,

and its cc-pVDZ MP2 IRC is plotted in Figure 3. For the forward reaction (cyclic→ TS2→ trans),

the BN3N2 bond angle (see Figure 1 for atom numbering) of the cyclic isomer gradually opens up

and the NN bond distance decreases toward TS2. At the transition state the BN2 bond distance

[1.839 Å with the aug-cc-pVQZ CCSD(T) method] is significantly elongated compared to that

(1.437 Å with the same method) of the cyclic isomer. From the transition state (TS2) to the trans

isomer, there is a cleavage of the BN2 bond, followed by shortening of the BN3 bond distance.

3.4.4 RELATIVE ENERGIES

The relative energies of the five stationary points are presented in Table 1. At the SCF level

of theory the trans isomer is predicted to be the energetically lowest-lying isomer. However, at the

coupled cluster levels of theory the cyclic isomer is found to be the global minimum on the ground

state surface. With the aug-cc-pVQZ CCSD(T) method, the trans BNNO structure is predicted

to be higher in energy than the cyclic minimum, by 3.5 kcal mol-1 [2.4 kcal mol-1 with zero point

vibrational energy (ZPVE) correction], but lower in energy than the cis isomer by 10.6 kcal mol-1

(10.4 kcal mol-1 with ZPVE). The schematic potential energy surface at this level is shown in Figure

4.

The barrier height for the forward cyclic-trans isomerization reaction (cyclic→TS2→trans)

is determined to be 19.7 kcal mol-1 (18.3 kcal mol-1 with ZPVE), while the reaction barrier for

the reverse reaction (trans→TS2→cyclic) is predicted to be 16.2 kcal mol-1 (15.9 kcal mol-1 with

ZPVE). Since the isomerization barrier heights are relatively high, the reaction may not happen

at an appreciable rate in an argon matrix at 12K, and would be highly dependent upon boron

tunneling. This cyclic−trans isomerization reaction will be addressed again later in the manuscript.

The reaction barrier for the forward trans-cis rotational (out-of-plane) isomerization reaction

(trans→TS1→cis) was predicated to be 10.8 (10.4) kcal mol-1. On the other hand there is almost no

barrier [0.2 kcal mol-1 (0.0 kcal mol-1 with ZPVE correction)] for the reverse isomerization reaction
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(cis→TS1→trans). Consequently, the existence of the cis isomer in a solid argon matrix (at 12K)

seems questionable.

3.4.5 DISSOCIATION ENERGIES

The two BNNO dissociation limits at the aug-cc-pVQZ CCSD(T) level of theory are shown

schematically in Figure 4.

1. BNNO (X̃ 2A′)→ B (2Pu) + NNO (X̃ 1Σ+)

The dissociation energies BNNO (X̃ 2A′) → B (2Pu) + NNO (X̃ 1Σ+) for the three BNNO

isomers are presented in Table 2. With the aug-cc-pVQZ basis set the dissociation energy (ZPVE

corrected values in parentheses) for the cyclic minimum is predicted to be 30.5 (28.5) (SCF), 38.3

(36.2) (CCSD), and 41.3 (39.7) kcal mol-1 [CCSD(T)]. For the trans isomer the three corresponding

values are 34.0 (32.8) (SCF), 36.8 (35.6) (CCSD), and 37.8 (37.3) kcal mol-1 [CCSD(T)], while

those for the cis isomer to be 11.9 (11.3) (SCF), 23.6 (23.4) (CCSD), and 27.3 (27.0) kcal mol-1

[CCSD(T)]. With inclusion of correlation effects the dissociation energies increase relative to the

SCF method by 11.2 (cyclic), 4.5 (trans), and 15.7 (cis) kcal mol-1, respectively. The cis isomer is

more favored energetically by correlation effects compared to the two dissociation products. It is

seen that the B (2Pu) + NNO (X̃ 1Σ+) dissociation pathways are endothermic for all three BNNO

isomers (see Figure 4).

2. BNNO (X̃ 2A′)→ BN (X 3Π) + NO (X 2Σ+)

The dissociation energies BNNO (X̃ 2A′) → BN (X 3Π) + NO (X 2Σ+) for the three BNNO

isomers are reported in Table 2. The dissociation energy with the ZPVE correction for the cyclic

minimum is 13.6 (SCF), 44.6 (CCSD), and 50.7 kcal mol-1 [CCSD(T)]. For the trans isomer the

dissociation energy is determined to be 17.9 (SCF), 44.0 (CCSD), and 48.4 kcal mol-1 [CCSD(T)],

whereas that for the cis isomer is −3.6 (SCF), 31.8 (CCSD), and 38.0 kcal mol-1 [CCSD(T)] with

the aug-cc-pVQZ basis set. For the three equilibrium structures the increases of the dissociation

energies with inclusion of correlation effects are 37.1 (cyclic), 30.5 (trans), and 41.6 (cis) kcal mol-1,

respectively. These relatively large increments may be attributed to some multi-reference character
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of the BNNO species. These BN (X 3Π) + NO (X 2Σ+) dissociation reactions are thermodynam-

ically disfavored relative to the B (2Pu) + NNO (X̃ 1Σ+) pathway discussed above (see Figure

4).

3.4.6 DIPOLE MOMENTS

The dipole moments for the five stationary points are presented in Tables S6 − S10. For the

three equilibrium structures the dipole moments are predicted to be 1.90 (cyclic), 2.27 (trans), and

1.16 (cis) debye at the aug-cc-pVTZ CCSD(T) (CCSD for cis) level of theory. The trans isomer

has the largest dipole moment, with the expected sign +BNNO−.

3.4.7 HARMONIC VIBRATIONAL FREQUENCIES

The harmonic vibrational frequencies for the five stationary points of the BNNO molecule at

the aug-cc-pVQZ CCSD(T) level of theory are reported in Table 3 and Tables S6 − S10. The four

highest frequencies are predicted to be 1712, 1298, 1013 and 859 cm-1 for the cyclic minimum, 1876,

1544, 874, and 646 cm-1 for the trans isomer, while they are 1641, 1368, 1011, and 679 cm-1 for the

cis isomer.

The corresponding experimentally observed (fundamental) frequencies are 1795.7, 1500.3, 836.5,

and 626.9 cm-1 for the 11BNNO isotopologue.65 Among three isomers four vibrational frequencies

of the 11BNNO isotopomer for the trans isomer are most consistent with Wang and Zhou’s exper-

imental values. A more detailed comparison of the theoretical fundamental frequencies with Wang

and Zhou’s experimental observations will be given in subsection I below.

3.4.8 INFRARED (IR) INTENSITIES

The IR intensities of the six vibrational modes for three equilibrium isomers are presented in

Tables S6 − S10. From the IR spectra of Wang and Zhou,65 the IR intensities (Is) for the four

observed modes for the trans isomer were concluded to be in the order I2 (NO stretching) > I3

(NN stretching) > I1 (BN stretching) > I4 (in-plane bending). This experimental ordering is well

reproduced for the trans isomer using the CCSD(T) level of theory (in Table S7), even within the

double harmonic approximation.
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3.4.9 ANHARMONIC VIBRATIONAL FREQUENCIES AND ISOTOPIC SHIFTS

In Table 4, the fundamental vibrational frequencies for the 10B14N14NO isotopologue, as well

as the respective isotopic shifts of 11B14N14NO, and 10B15N15NO are presented. The anharmonic

vibrational frequencies are determined via VPT2 theory using our cc-pCVTZ CCSD(T) quartic

force field. For the 10B14N14NO trans isotopologue the deviations between theoretical harmonic

and experimental fundamental frequencies of the four modes are +85, +50, +28, and +11 cm-1,

respectively. On the other hand the corresponding differences between theoretical anharmonic and

experimental fundamental frequencies for the trans isomer are +36, +28, −6, and −15 cm-1. The

improvement in the agreement with inclusion of theoretical anharmonic effects is evident. However,

the disagreement between experiment is unusually large for such a reliable level of theory. Of course,

the theoretical results are directly comparable only to gas phase experiments, not matrix isolation

results.

From the experimental observations, the 1837 cm-1 transition exhibits the largest isotopic shift

for 11B (41 cm-1) and 15N (28 cm-1), since it is primarily a B−N stretching mode. The 1502 cm-1

frequency shows a very small 11B shift (2 cm-1) but quite a large nitrogen isotopic shift (26 cm-1),

consistent with its assignment as the N−O stretching mode. The 838 cm-1 absorption shows almost

no change among boron isotopes, but exhibits large nitrogen isotopic shift (23 cm-1) and is therefore

attributed to the N−N stretching mode.

For the the global minimum cyclic-isomer, the B−N stretching mode exhibits a large B isotopic

shift (28 cm-1) and N isotopic shift (19 cm-1). In the case of the trans isomer the N−O stretching

mode and N−N stretching mode have almost no shift within B isotopes, but quite large N isotopic

shifts (27 cm-1 for the N−O stretch and 22 cm-1 for the N−N stretch). Our frequency shifts upon

isotopic substitution for the trans isomer are in good agreement with the experimentally observed

values, in contrast to those for the cyclic global minimum; this indicates that the trans isomer was

observed in the experiment.

3.4.10 Trans OR CYCLIC STRUCTURE?

Our theoretical investigation clearly shows that the cyclic isomer is the global minimum, but the

vibrational frequencies and isotopic shifts thereof provide compelling evidence for the experimental
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observation of the trans isomer. To gain some insight into the conformational preferences of the

reaction, we constructed a two-dimensional energetic contour plot with respect to the boron atom

position, constraining the NNO moiety to its isolated (X̃ 1Σ+) geometry and enforcing planarity.

The cc-pVDZ CASSCF method with a (7, 7) active space was used in order to describe the various

bonding schemes encountered on the resulting PES, which is shown in Figure 5. The area in the

immediate vicinity of the molecule is repulsive within the constraints imposed, but crucially the

region around the N terminus is less repulsive than that around the central nitrogen atom, favoring

the formation of trans BNNO over cyclic BNNO. This feature may be explained from the NNO

molecular orbitals shown in Figure S6. The 7σ MO of NNO mainly consists of the lone-pair orbital

of the terminal N atom. The electropositive B atom, therefore, may be prone to approach the

electron-rich terminal N atom along the NNO molecular axis.

Clearly, as the reaction proceeds, the NNO angle must decrease, so an analogous plot was

generated (Figure 6) with the NNO geometry chosen as [re(NO) = 1.30 Å, re(NN) = 1.20 Å, θe

= 123.0◦] to represent a compromise between the NNO geometries adopted in the cyclic and trans

isomers. The relaxation of the NNO unit changes the qualitative nature of the potential, introducing

two bound minima. The minimum corresponding to the cyclic structure, although deeper than the

trans minimum, has a relatively small area, which translates into a relatively low capture cross

section for boron atoms leading to cyclic BNNO formation. Although this analysis is quite crude,

it offers insight into the basins of attraction on the B + NNO potential energy surface.

3.5 CONCLUSIONS

Ab initio molecular electronic structure theory has been employed in order to investigate the

cyclic, trans, and cis isomers of BNNO and two isomerization reactions connecting them. At our

highest level of theory, aug-cc-pVQZ CCSD(T), the trans isomer was predicted to be 3.5 kcal mol-1

(2.4 kcal mol-1 with the ZPVE correction) higher than the cyclic minimum. The barrier height for

the uphill isomerization reaction (cyclic→ trans) is determined to be of 19.7 (18.3) kcal mol-1. The

trans and cis isomers are separated by 10.6 (10.4) kcal mol-1 with a barrier (trans → TS1 → cis)

of 10.8 (10.4) kcal mol-1, which indicates that the trans to cis isomerization reaction is unlikely
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to occur in an argon matrix. Theoretically computed harmonic and anharmonic vibrational fre-

quencies and associated IR intensities are consistent with the experimental observation of trans

BNNO in an argon matrix. The dissociation energies (with ZPVE corrections) associcated with

BNNO (X̃ 2A′) → B (2Pu) + NNO (X̃ 1Σ+) for the cyclic, trans, and cis isomers were pre-

dicted to be 39.7, 37.3, and 27.0 kcal mol-1, while the diatomic fragment dissociation energies

BNNO (X̃ 2A′) → BN (X 3Π) + NO (X 2Σ+) for the three isomers were determined to be 50.7,

48.4, and 38.0 kcal mol-1, respectively. Therefore, the three equilibrium structures are well below

the dissociation limits to [B (2Pu) + NNO (X̃ 1Σ+)] and [BN (X 3Π) + NO (X 2Σ+)]. There are no

bonding regions with the NNO fragment constrained (linear) to its native geometry; its geometry

must relax for B (2Pu) + NNO (X̃ 1Σ+) association to proceed. Two distinct bonding regions are

found on the relaxed (bent) surface. The first leads to formation of the trans isomer, this region

being much broader but less deep than that leading to formation of cyclic BNNO. The larger cap-

ture cross section due to the broader trans well appears to explain the experimental observation of

only the higher energy trans isomer.
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Table 3.1: Relative energies (in kcal mol-1, ZPVE corrected values are in parentheses) of five
stationary points on the potential energy surface for the BNNO molecule at SCF, CCSD, and
CCSD(T) levels of theory.

Level of theory cyclic trans cis TS1 TS2

cc-pVTZ SCF 0.00 (0.00) -3.76 (-4.61) 17.94 (16.50) 19.50 (17.55) 18.43 (16.64)
aug-cc-pVTZ SCF 0.00 (0.00) -3.35 (-4.19) 18.67 (17.22) 20.22 (18.25) 18.49 (16.70)
cc-pVQZ SCF 0.00 (0.00) -3.59 (-4.44) 18.58 (17.13) 20.11 (18.14) 18.51 (16.72)
aug-cc-pVQZ SCF 0.00 (0.00) -3.48 (-4.34) 18.76 (17.31) 20.28 (18.31) 18.54 (16.75)

cc-pVTZ CCSD 0.00 (0.00) 1.11 (0.15) 13.34 (11.50) 13.80 (12.31) 19.04 (17.14)
aug-cc-pVTZ CCSD 0.00 (0.00) 1.52 (0.58) 14.11 (12.24) 14.60 (13.10) 19.56 (17.66)
cc-pVQZ CCSD 0.00 (0.00) 1.48 (0.52) 14.64 (12.76) 15.09 (13.57) 20.21 (18.29)
aug-cc-pVQZ CCSD 0.00 (0.00) 1.52 (0.58) 14.84 (12.96) 15.30 (13.79) 20.38 (18.47)

cc-pVTZ CCSD(T) 0.00 (0.00) 3.22 (1.82) 12.81 (11.42) 12.91 (11.54) 18.49 (17.04)
aug-cc-pVTZ CCSD(T) 0.00 (0.00) 3.50 (2.33) 13.44 (12.00) 13.57 (12.16) 18.97 (17.53)
cc-pVQZ CCSD(T) 0.00 (0.00) 3.51 (2.33) 13.96 (12.61) 14.09 (12.65) 19.57 (18.09)
aug-cc-pVQZ CCSD(T) 0.00 (0.00) 3.50 (2.35) 14.10 (12.76) 14.25 (12.82)a 19.74 (18.27)

a ZPVE values computed at the cc-pVQZ CCSD(T) level of theory.
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Table 3.2: Dissociation energies (in kcal mol-1, ZPVE corrected values in parentheses) of the
BNNO (X̃ 2A′)→ B (2Pu) + NNO (X̃ 1Σ+) and BNNO (X̃ 2A′)→ BN (X 3Π) + NO (X 2Σ+)
channels, at the SCF, CCSD, and CCSD(T) levels of theory with the aug-cc-pVQZ basis set.

Level of theory cyclic trans cis

BNNO (X̃ 2A′)→ B (2Pu) + NNO (X̃ 1Σ+)
aug-cc-pVQZ SCF 30.50 (28.45) 33.95 (32.75) 11.91 (11.32)
aug-cc-pVQZ CCSD 38.27 (36.17) 36.77 (35.60) 23.58 (23.35)
aug-cc-pVQZ CCSD(T) 41.27 (39.65) 37.81 (37.33) 27.30 (27.02)

BNNO (X̃ 2A′)→ BN (X 3Π) + NO (X 2Σ+)
aug-cc-pVQZ SCF 17.58 (13.55) 21.03 (17.86) −1.00 (−3.57)
aug-cc-pVQZ CCSD 48.34 (44.61) 46.84 (44.04) 33.65 (31.79)
aug-cc-pVQZ CCSD(T) 54.22 (50.67) 50.75 (48.35) 40.25 (38.04)
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Table 3.3: Theoretical predictions of the total energy (in hartree), harmonic vibrational frequencies (ω, in
cm-1), and zero-point vibrational energy (ZPVE in kcal mol-1) for the 2A′ cyclic, trans, cis, TS1, and TS2
11B14N14NO molecule at the aug-cc-pVQZ CCSD(T) level of theory.a

Structure Total energy ω1(a
′) ω2(a

′) ω3(a
′) ω4(a

′) ω5(a
′) ω6(a

′′) ZPVE

cyclic -209.134170 1712 1298 1013 859 517 511 8.45
trans -209.128591 1876 1544 874 646 149 137 7.30
cis -209.111697 1641 1368 1011 679 189 85 7.11
TS1 -209.111462 (1675) (1420) (990) (651) (204) (100i) (7.06)
TS2 -209.102719 1866 1234 1005 431 348 691i 6.98

a For TS1, the total energy is the single point energy with cc-pVQZ CCSD(T) optimized geometry, and
harmonic vibrational frequencies and ZPVE are computed at the cc-pVQZ CCSD(T) level.
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Table 3.4: Fundamental vibrational frequencies (in cm-1) for the BNNO molecule and the corre-
sponding shifts (∆) upon isotopic substitution at the cc-pCVTZ CCSD(T) level of theory. The
experimental results are shown for comparison purposes.

Mode (Sym.) ν10B14N14NO ∆(ν11B14N14NO) ∆(ν10B15N15NO)

Experimenta

B-N stretch 1837 41 28

N-O stretch 1502 2 26

N-N stretch 838 1 23

Bending 634 7 9

trans BNNO

B-N stretch 1873 41 30

N-O stretch 1530 2 27

N-N stretch 832 1 22

Bending 619 8 10

cyclic BNNO

B-N stretch 1305 28 19

N-O stretch 1684 15 34

N-N stretch 982 18 16

Bending 830 6 16

a Ref.
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Figure 3.1: The optimized geometries (Å and degrees) of the five stationary point structures of
BNNO at the aug-cc-pVQZ CCSD(T) level of theory. τ (BNNO) for the cis BNNO isomer is
38.8◦ and τ for TS1 is 80.4◦. The TS1 geometrical parameters are at the cc-pVQZ CCSD(T) level
of theory.
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Figure 3.2: Relaxed potential energy curve for BNNO, plotted as a function of the torsional angle
τ (BNNO), at the cc-pVTZ CCSD(T) level of theory.
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Figure 3.5: The potential energy surface (in kcal mol-1 and Å units) describing the
B (2Pu) + NNO (X̃ 1Σ+) (linear) reaction at the cc-pVDZ CASSCF (7, 7) level of theory. See
text for details.
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(X̃ 1A′) (bent) reaction at the cc-pVDZ CASSCF (7, 7) level of theory. Wells corresponding to
cyclic and trans BNNO minima are labelled. See text for details.



BIBLIOGRAPHY

[1] U. Nohl and G. Olbrich, Gmelin Handbook of Inorganic Chemistry (Springler: Berlin, 1988).

[2] R. T. Paine and C. K. Narula, Chem. Rev. 90, 73 (1990).

[3] Z. Wang, S. Li, L. Zhang, Z. Sheng, and S. Yu, Propel. Explos. Pyrotech. 29, 160 (2004).

[4] K. Kuo and R. Pein, Combustion of Boron-Based Solid Propellants and Solid Fuels (CRC

Press, Boca Raton, 1993).

[5] D. M. Chen, S. P. Luh, T. K. Liu, G. K. Wu, and H. C. Perng, Combustion of Boron-Based

Solid Propellants and Solid Fuels p. 375 (1993).

[6] W. Eckl, N. Eisenreich, K. Menke, T. Rohe, and V. Weiser, in the 26th International Annual

Conference of ICT (1995), p. 70.

[7] D. Ritter and J. C. Weisshaar, J. Phys. Chem. 94, 4907 (1990).

[8] J. M. C. Plane and R. J. Rollason, J. Chem. Soc., Faraday Trans. 92, 4371 (1996).

[9] D. E. Clemmer, K. Honma, and I. Koyano, J. Phys. Chem. 97, 11480 (1993).

[10] R. Matsui, K. Senba, and K. Honma, J. Phys. Chem. 101, 179 (1997).

[11] M. L. Campbell and R. E. McClean, J. Phys. Chem. 97, 7942 (1993).

[12] M. L. Campbell, J. Chem. Phys. 104, 7515 (1996).
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4.1 ABSTRACT

In order to address problems such as aging, cell death, and cancer, it is important to under-

stand the mechanisms behind reactions causing DNA damage. One specific reaction implicated in

DNA oxidative damage is hydroxyl free radical attack on adenine and other nucleic acid bases.

The adenine reaction has been studied experimentally, but there are few theoretical results. In

the present study, adenine dehydrogenation at various sites, and the potential energy surfaces for

these reactions, are investigated theoretically. Four reactant complexes [A· · ·OH]· have been found,

with binding energies relative to A + OH· of 32.8, 11.4, 10.7, and 10.1 kcal mol-1. These four

reactant complexes lead to six transition states, which in turn lie +4.3, −5.4, (−3.7 and +0.8),

and (−2.3 and +0.8) kcal mol-1 below A + OH·, respectively. Thus the lowest lying [A· · ·OH]·

complex faces the highest local barrier to formation of the product (A−H)· + H2O. Between the

transition states and the products lie six product complexes. Adopting the same order as the reac-

tant complexes, the product complexes [(A−H)· · ·H2O]· lie, respectively, at −10.9, −22.4, (−24.2

and −18.7), and (−20.5 and −17.5) kcal mol-1, again relative to separated A + OH·. All six

A + OH· → (A−H)· + H2O pathways are exothermic, by −0.3, −14.7, (−17.4 and −7.8), and

(−13.7 and −7.8) kcal mol-1, respectively. The transition state for dehydrogenation at N6 lies at

the lowest energy (−5.4 kcal mol-1 relative to A + OH·), and thus reaction is likely to occur at

this site. This theoretical prediction dovetails with the observed high reactivity of OH radicals with

the NH2 group of aromatic amines. However, the high barrier (37.1 kcal mol−1) for reaction at

the C8 site makes C8 dehydrogenation unlikely. The latter result is consistent with experimental

observation of the imidazole ring opening upon OH radical addition to C8. In addition, TD-DFT

computed electronic transitions of the N6 product around 420 nm confirm that this is the most

likely site for hydrogen abstraction by hydroxyl radical.
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4.2 INTRODUCTION

Cellular DNA contains the complex hereditary information of living organisms. Organisms

must maintain the integrity of their DNA in order to remain healthy and propagate. Both normal

metabolic activities, and environmental effects can damage DNA.1–28 When damage accumulates to

the extent that it can no longer be repaired, three major problems may occur. These are senescence,

programmed cell death, and carcinogenesis, and are manifested by aging, neurological syndromes,

and cancer. Thus, the identification and repair of DNA damage is an important factor in improving

human health and longevity. A tremendous amount of research has focused on the causes of DNA

damage, both exogenously and endogenously. Oxidative damage of cellular DNA by free radicals

may be a significant factor in human carcinogenesis.29–33 There are several reactive oxygen species

commonly present in biological systems. Of these, hydroxyl free radical (·OH) appears to be the most

damaging.30,34,35 Normally, hydroxyl radical is present at low concentrations, due to the metabolism

of oxygen. Higher concentrations are caused by respiratory bursts, or acute exposure to oxidizing

agents such as ionizing radiation36 or UVA solar light.37 Solar radiation is strongly implicated in

the induction of human skin cancers, including squamous cell and basocellular carcinoma, along

with malignant melanoma.37

Approximately half of the damage caused by OH radicals occurs on nucleobases. Nucleobases

are the structural units which carry genetic information in DNA and RNA. The five principal

nucleobases are guanine (G), cytosine (C), adenine (A), thymine (T), and uracil (U). Thymine is

only present in DNA, while only RNA contains uracil. Of the four DNA nucleobases, guanine is

the most likely to be attacked by OH radicals. The probability that guanine will suffer an initial

·OH attack is 36%, while adenine, thymine, and cytosine have initial attack probabilities of 24%,

22%, and 18%, respectively.38 Because of this, the one-electron oxidation of guanine is of great

interest, particularly oxidation by OH radical. The gas-phase dehydrogenation reaction of guanine

with OH radical was studied by Colvin and coworkers19 using Car-Parinello molecular dynamics

in 2002. N11 is predicted to be the most favorable site for dehydrogenation. Guanine can under go

·OH addition at its C4 or C8 positions; however, this is less favorable than N11 dehydrogenation.

Of the two addition products, the C8-hydroxylated radical is more stable. Compared to the N11
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dehydrogenation product, the N9 dehydrogenated product lies 1.9 kcal mol-1 higher in energy,

and the N1 dehydrogenated product is 3.4 kcal mol-1 higher. Dehydrogenation at C8 is strongly

disfavored, being 26.9 kcal mol-1 higher in energy at the B3LYP/6-31++G(3df,3pd) level. The free

energy dehydrogenation reaction barrier is predicted lowest for N9 (0.15 kcal mol-1), followed by

N11 (0.86 kcal mol-1) and C8 (9.64 kcal mol-1). Because of the low barriers for N9 and N11, these

reactions may occur spontaneously, even at low temperatures. For the C8 position, dehydrogenation

occurs at a reasonable rate at room temperature but would be slow at low temperatures.

In more recent work, Chatgilialoglu and coworkers experimentally studied the reaction of the

OH radical with guanosine and 8-bromoguanosine using absorption spectroscopy, in an effort to

reevaluate the ambient reactivity of guanine moieties toward ·OH radicals.39 A broad band at 616

nm implies that the major reaction between guanine and the OH radical is hydrogen abstrac-

tion from NH2, followed by tautomerization. Hydroxyl radical addition at the C4 position is less

important.

Adenine has the second highest initial ·OH attack probability, so it is also of great interest.

Hydroxyl radical typically adds to the double bonds of adenine to yield C4, C5, and C8 rad-

ical adducts.40,41,44–46 Of these three products, the A4OH radical constitutes more than 81% of

the hydroxylated radicals generated.41 The A4OH radical adduct is a weak oxidant. However,

like guanine, A4OH can lose a water molecule and become a strong oxidant, the (A−H)· radical.

The second most abundant radical product is A8OH, which comprises about 18% of the radicals

generated.41 This radical is actually predicted to form the products 8-hydroxyadenine, 5-formamido-

4,6-diaminopyrimidine (FAPY ), (FAPY G), and 5′-cyclo-2′-deoxy-adenosine.40 Vieira and Steenken

studied the transient species formed during the aqueous reaction of OH radical with adenine. Using

a combination of conductance, optical detection, and absorption spectroscopy, they monitored the

reaction of the OH radical with fully alkylated adenines, such as N6, N6-dimethyladenosine, and

N6, N6, 9-trimethyladenine.44 Either dehydroxylation or dehydration can occur when OH radicals

add at C4 or C5 sites. This is evidenced by a decrease in optical density (OD) at 400 nm. If the

OH radicals add at the C8 site, ring-opening occurs and the OD at 330 nm increases. A 2008 study

by Naumov and Sonntag46 confirmed the earlier indications that OH radical forms an adduct with

adenine at the C4 position. The adduct undergoes proton or hydrogen transfer, followed by dehy-



79

dration, to form an N6-dehydrogenated radical. On the other hand, if the C8 adduct is formed,

ring-opening occurs. The product is 5-formamido-4,6-diaminopyrimidine (FAPY ). In concert with

X-ray radiation, OH radical can attack the C2, C8, N9, N61, or N62 hydrogens directly,4,40,41,47–50

producing neutral radicals or ionized species.46,51

In the realm of quantum chemistry, a plethora of highly interesting large systems have not yet

been explored, including many DNA subunits. For sufficiently small species, wave function methods

yield excellent results, accurate to within 1 kcal mol-1. This chemical accuracy is only possible for

systems with a limited number of chemically active electrons. On the other hand, Density Functional

Theory (DFT) holds promise for very large systems. It is more accurate than Hartree-Fock theory

and most semi-empirical methods, but is efficient enough to be applied to large molecules. Because

of this, DFT is an effective method for quantum chemistry applications.

Neutral adenine56 and five dehydrogenated adenine radical derivatives57 have been considered

in previous theoretical studies. However, the mechanisms of crucial dehydrogenation reactions have

not been fully unravelled. Specifically, the energetics and associated transition states for dehydro-

genation of adenine by OH radical (A + ·OH → ·A−H + H2O) are not known. The present

study elucidates the potential energy surfaces for dehydrogenation of adenine by ·OH radical. The

corresponding reaction pathways and energetics are provided, and should shed light on related

biochemical experiments.

4.3 THEORETICAL METHODS

The generalized gradient approximation exchange-correlation B3LYP functional was employed

in this work. This method has predicted reasonable results for DNA bases, base pairs, and

anions58–61 in previous research. This functional is a combination of Becke’s 3-parameter HF/DFT

hybrid exchange functional (B3)62 with the dynamical correlation functional of Lee, Yang, and

Parr (LYP)63.

The B3LYP method is adopted along with double-ζ quality basis sets with polarization and

diffuse functions (denoted as DZP++). The DZP++ basis sets are created by augmenting the

Huzinaga−Dunning set of contracted double-ζ Gaussian functions with one set of p-type polariza-

tion functions for each H atom and one set on five d-type polarization functions for each first-row
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atom. To complete the DZP++ basis, one even-tempered s diffuse function was added to each

H atom, while even-tempered s and p diffuse functions were centered on every heavy atom. The

even-tempered orbital exponents were determined according to the prescription of Lee:64

αdiffuse =
1

2
(
α1

α2
+

α2

α3
)α1 (4.1)

where α1, α2, and α3 are the three smallest Gaussian orbital exponents of the s- or p-type primitive

functions for a given atom (α1 < α2 < α3). The final DZP++ set contains six functions per H

atom (5s1p/3s1p) and nineteen functions per C, N, or O atom (10s6p1d/5s3p1d). There are 220

contracted functions for the adenine molecule, 245 functions for adenine-OH complexes, and 214

functions for dehydrogenated adenine molecules . This combination of functionals and basis sets

has the tactical advantage that it has previously been used in comprehensive benchmark studies65

of a wide range of electron affinities.

The binding energies for reactant complexes (A· · ·OH)· (BE1) and for product complexes

[(A−H)· · ·H2O]· (BE2) were evaluated according to the following definitions:

BE1 = E(A) + E(OH·)− E[(A · · ·OH)·] (4.2)

BE2 = E(A) + E(OH·)− E[·(A− H) · · ·H2O] (4.3)

The dissociation energy for reactant complexes (A· · ·OH)· (DE1) and for product complexes

[(A−H)· · ·H2O]· (DE2) were evaluated according to the following definitions:

DE1 = E[(A− H)·] + E(H2O)− E[(A · · ·OH)·] (4.4)

DE2 = E[(A− H)·] + E(H2O)− E[·(A− H) · · ·H2O] (4.5)

Computations of optimized geometries, harmonic vibrational frequencies, natural populations,66–68

and intrinsic reaction coordinates (IRC)69–72 were performed with the QChem package,73 which

was also used for time-dependent DFT (TD-DFT) treatment of excited electronic states.
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4.4 RESULTS AND DISCUSSION

The structure and numbering scheme for adenine are shown in Figure1. The optimized geome-

tries of neutral adenine molecule, hydroxyl radical, and neutral water molecule are displayed in

Figure 2. The optimized geometries of dehydrogenated adenine radicals in the isolated forms are

shown in Figure 3. The stability sequence of these radicals is A−H9 > A−H62 > A−H61 >

A−H2 > A−H8. Micro-hydration with one water molecule in the dehydrogenation reactions

does not change this stability order. The relative energies are summarized in Table 1. The N9-

dehydrogenated adenine is the most stable radical, followed by the two N6-dehydrogenated prod-

ucts. Dehydrogenation reactions at nitrogen sites are all exothermic, with enthalpy changes −0.30

kcal mol-1 for N9, −0.54 for N61, and −0.53 kcal mol-1 for N62. Carbon site dehydrogenated ade-

nine radicals are much higher in energy [9.52 (9.82) kcal mol-1 for C2 site, 17.06 (17.46) kcal mol-1

for C8 site] than the N9-radical. In addition, at the carbon site, these dehydrogenation reactions

are endothermic; the enthalpy changes are both 0.24 kcal mol-1. Nevertheless, the changes in the

Gibbs energy for all six dehydrogenation reactions are negative (−1.34, −0.96, −1.30, −1.15 and

−1.14 kcal mol-1 for C2, C8, N9, and two N6 sites, respectively) at room temperature. Thus, these

reactions are thermodynamically favored.

A natural population analysis (NPA) for neutral adenine is presented in Figure 4. Adenine has

five hydrogen atoms. Three of these H atoms are attached to C2, C8, and N9, while two bond

to N6. From Figure 4, it is clear that hydrogens bound to nitrogen atoms (N6 and N9) are more

positively charged. The positive charge on the five hydrogen atoms is in this order: H9 > H62 >

H61 > H8 > H2. Thus, all hydrogen atoms are vulnerable to OH radical attack. In addition, all

the carbon atoms are positively charged in A. They may be attacked by OH radical. Since we are

interested in dehydrogenation reactions, all hydrogen atoms, and carbon atoms directly attached

to hydrogens (C2 and C8), will be considered as OH radical attack sites.

Six different reaction pathways are found for [A+OH· → reactant complexes → TS → product

complexes → (A−H)·+H2O]. Ten intermediate adenine−OH complexes and six transition states

for OH radical reacting with adenine are presented in Figure 5 and 6. The numbering schemes

correspond to increasing energy, relative to separated adenine and OH radical. All energies are in
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kcal mol-1, with ZPVE corrected values in parentheses. The energy profiles along the six pathways

are displayed in Figure 7. For each pathway, optimized geometries of adenine-OH reactant com-

plexes, transition states, and product complexes are shown in Figures 8−13. The corresponding

relative energies are shown in Figures 8−13 and in Table 2.

4.4.1 N9 DEHYDROGENATION

In the vicinity of the most positively charged hydrogen atom (H9), the OH radical attaches to

adenine through two hydrogen bonds (see Figure 8). This forms the reactant complex 9, in which

the hydrogen bond lengths of O· · ·H9 and N3 · · ·H are 2.290 and 1.837 Å, respectively. As the

reaction progresses from reactant complex 9, the O· · ·H9 distance decreases to 1.367 Å in TS2,

then to 0.980 Å in the product complex 2. However, the N9−H9 bond length increases from 1.019

Å in the reactant complex 9, to 1.147 Å at TS2, and finally to 1.957 Å in the product complex 2.

For this reaction pathway (green in Figure 7), the reactant complex 9 has a binding energy of

10.66 (8.84 including ZPVE) kcal mol-1 relative to separated adenine plus OH radical. The transition

state TS2 also lies below the separated reactants, by 3.68 (5.47) kcal mol-1. The local barrier for

this reaction pathway is predicted to be 6.98 (3.37) kcal mol-1 relative to reactant complex 9. This

is higher than the transition state for abstraction of H62, but lower than that of H61 (discussed

in the following sections). This reaction results in the lowest energy product complex 2, which

lies 24.21 (22.94) kcal mol-1 below separated adenine plus OH radical and 13.55 (14.10) kcal mol-1

lower in energy than reactant complex 9. The dissociation energy for 2 is predicted to be 6.85 (5.06)

kcal mol-1 with respect to separated (A−H9)· plus water. It should be noted that although H9 is not

present in nucleosides and nucleotides, N9 dehydrogenation is still important for the experiments

involving nucleobases.

4.4.2 N62 DEHYDROGENATION

Hydroxyl radical may also easily attack H62 (dark blue pathway, Figure 7), since it is the

second most positively charged hydrogen atom in neutral adenine. The optimized geometries of

the reactant complex 7, transition state (TS1), and product complex 3 for this reaction pathway

are presented in Figure 9. The N6−H62 bond (1.021 Å) in 7 is only 0.01 Å longer than that in
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the isolated neutral adenine. H62 is hydrogen bonded to the attacking OH radical, with an O· · ·H

distance of 2.016 Å. The hydrogen of the hydroxyl radical links to N7, forming another hydrogen

bond with an H· · ·N7 distance of 1.792 Å. As the dehydrogenation reaction proceeds to TS1, the

N6−H62 bond lengthens to 1.155 Å, while the O· · ·H62 distance decreases to 1.300 Å. When H62 is

abstracted to form product complex 3, the N6 · · ·H62 distance further elongates to 2.183 Å, while

the N6−C6 bond length shortens to 1.332 Å, i.e., by 0.02 Å compared to complex 7. The O−H62

bond decreases to a normal water O−H bond (0.974 Å) in 3.

The reactant complex 7 is stabilized by two H-bonds. The binding energy between the adenine

and the attacking OH radical is computed to be 11.39 (9.13 with ZPVE) kcal mol-1. The local

energy barrier (7→TS1) for the reaction is predicted to be 5.96 (2.72) kcal mol-1. There is no

barrier for this reaction pathway, since TS 1 lies 5.43 (6.40) kcal mol-1 below separated adenine

plus OH radical. After H62 is abstracted, the resulting water and the newly formed (A−H)· radical

are held together by two hydrogen bonds, forming the [(A−H)· · ·H2O]· product complex 3 with a

binding energy of 22.45 (20.79) kcal mol-1 relative to the separated reactants. When 3 dissociates to

separated products [(A−H62)· + H2O], the energy increases by 7.70 (5.52) kcal mol-1. Compared to

the reactant complex 7, the product complex 3 is predicted to be 11.06 kcal mol-1 lower in energy.

Thus, this dehydrogenation reaction energetically favors the [(A−H)· · ·H2O]· complex.

4.4.3 N61 DEHYDROGENATION

In order to attack H61 (orange pathway, Figure 7), the OH radical binds to adenine at the N1

and N6 positions through two H-bonds, to form the reactant complex 10. This reaction pathway

proceeds through transition state TS3 to form product complex 4 (Figure 10). The O· · ·H61 dis-

tance in 10 is found to be 2.221 Å, a long hydrogen bond. The hydrogen in the hydroxyl radical is

connected to N1 with a hydrogen bond length of 1.812 Å. In TS3, the O· · ·H61 separation decreases

to 1.358 Å, and further shortens to 0.979 Å in the product complex 4. Meanwhile, the N6−H61

bond steadily increases along the reaction pathway, from 1.017 Å in 10, to 1.121 Å in TS3, to

1.985 Å in 4.

Let us now consider the energetics of the reaction A+OH· → 10→TS3→ 4→ (A−H61)·+H2O.

The binding energy for the reactant complex 10 is 10.15 (8.13) kcal mol-1 compared to the separated
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A plus OH reactants. The most important feature is that the energy of TS3 lies 2.32 (3.36)

kcal mol-1 below reactants A + OH·. The lack of any barrier with respect to reactants shows

that this process should be facile. There is, of course, a barrier for the local approach of reactant

complex 10 to TS3, and that barrier is 7.83 (4.77) kcal mol-1. Meanwhile, the product complex

4 lies 10.33 (11.11) kcal mol-1 below 10. Unlike the just-discussed N62 dehydrogenation product

complex 3, water and the (A−H)· radical in 4 are held together only through one hydrogen bond.

The corresponding dissociation energy is 6.80 kcal mol-1 relative to separated (A−H61)· radical

plus H2O. The N61 dehydrogenation is comparable to N62 dehydrogenation thermodynamically.

However, the two pathways are distinct, since the barrier to NH2 rotation in adenine is about 14

kcal mol-1. Interestingly, the barrier differs slightly based on the direction of rotation: 13.98 (13.58)

kcal mol-1 or 14.53 (14.15) kcal mol-1. However, experimental discrimination between these two

pathways would require deuteration of H61 or H62.

4.4.4 C8 DEHYDROGENATION

The C8 dehydrogenation pathway (magenta, Figure 7) involves reactant complex 1, transition

state TS6, and product complex 8 (see Figure 11). Although reactant complex 1 is a long-lived

adduct, and has been characterized by experiment 17,42,43, it will be termed a reactant complex for

the sake of consistency. Oxygen bonds to C8 directly in reactant complex 1, instead of hydrogen

bonding. This breaks the N7−C8 double bond and forms the low energy reactant complex 1.

Significant geometric changes occur in the five and six-membered rings since the conjugation of the

entire system has been disrupted. As the dehydration reaction proceeds, H8 migrates away from

C8, forming a nearly linear (163.8◦) C8 · · ·H8 · · ·O structure in TS6. In the product complex 8,

there are two hydrogen bonds; one of the hydrogen atoms from the newly formed water molecule

hydrogen bonds to N3 (N3 · · ·H8 distance is 1.953 Å), while the oxygen hydrogen bonds to H9

(O· · ·H9 atomic distance is 2.050 Å).

Reactant complex 1 is extraordinarily stable; the binding energy [32.79 (29.64) kcal mol-1 rel-

ative to separated A + OH·] is much greater than that of the other dehydrogenation reactant

complexes. However, dehydrogenation at C8 is disfavored for several reasons. It is predicted to have

a large local barrier [37.14 (31.53) kcal mol-1] with respect to the reactant complex 1. In addition,
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only this reaction pathway leads to a product complex (8) which lies above the corresponding reac-

tant complex (1), by 21.88 (20.77) kcal mol-1. Moreover, only the transition state (TS6) of this

pathway lies appreciably (4.35 kcal mol-1) above separated reactants A + OH·, indicating that C8

dehydrogenation is unlikely at low temperatures. These energetics may explain the experimental

inference that ring-opening, not dehydrogenation, occurs when OH radical attacks the C8 position

of adenine.41,44

4.4.5 C2 DEHYDROGENATION

Abstraction of atom H2 from adenine is complicated by the fact that two transition states TS4

(Figure 12) and TS5 (Figure 13) have been located (light blue and red pathways, in Figure 7).

This indicates that there are two reaction pathways for C2 dehydrogenation. TS4 and TS5 have

similar geometries, except for the orientation of the OH radical. The energy difference between

TS4 and TS5, due to OH rotation, is only 0.04 (0.08) kcal mol-1. In TS4 and TS5, atom C2, as

discussed above (abstraction of H8), is directly bonded to a hydrogen atom, so a reactant complex

analogous to complex 1, with OH radical directly attacking carbon, was considered. However,

intrinsic reaction coordinate (IRC) analyses reveal that TS4 connects the reactant complex 9 and

the product complex 5. Similarly, TS5 connects the reactant complex 10 and the product complex

6. This indicates that OH radical directly attacking C2 does not lead to dehydrogenation. In both

product complexes 5 and 6, two new hydrogen bonds are formed.

For these two reaction pathways, the reactant complexes are the same as in the N9 and N61

dehydrogenations. The transition state TS4 for hydroxyl H pointing “down” (Figure 12) lies 0.77

kcal mol-1 above separated A plus OH radical. The transition state TS5 for hydroxyl H pointing

“up” (Figure 13) lies 0.81 kcal mol-1 above the separated reactants. Inclusion of the ZPVE correc-

tions decreases the energies to −1.34 and −1.42 kcal mol-1. The local barriers for these two reaction

pathways are predicted to be 11.42 (7.42) and 10.95 (6.79) kcal mol-1 relative to the reactant com-

plexes 9 and 10. Though these local barriers are not as high as for the C8 dehydrogenation reaction,

they are much higher than those for the N9 and N61 dehydrogenations. The binding energies are

18.69 (16.71) and 17.47 (15.18) below separated adenine plus OH radical for product complexes 5
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and 6. The dissociation energies are predicted to be 10.84 (8.65) and 9.62 (7.12) kcal mol-1 for the

two product complexes relative to separated (A−H2)· radical plus water.

4.4.6 ENERGETICS

Table 2 reports the relative enthalpies, relative entropies and relative Gibbs energies for the six

dehydrogenation reaction transition states. All energies are relative to separated adenine plus OH·

radical. The relative enthalpies and entropies are all negative for all the transition states. Therefore,

low temperatures favor all these dehydrogenation reactions. There are two transition states with

different OH orientation at the C2 position, TS4 and TS5. The reaction enthalpy barriers differ

only by 0.02 kcal mol-1, so these two reactions may happen simultaneously, based on the direction

of the OH radical attack.

The energy profiles along the six reaction pathways [A+OH· → reactant complexes → TS →

product complexes → (A−H)·+H2O] are shown in Figure 7. The most important feature is that

all the transition states lie near or below separated A + OH· in energy, except for TS6 on the C8

pathway. The lack of any barrier with respect to reactants shows that these processes, except for

C8 dehydrogenation, should be facile. Based on the transition state energies, the dehydrogenation

of N62(H62) is the most kinetically favorable reaction pathway with a transition state lying 5.43

kcal mol-1 below separated adenine plus OH radical. It is followed by N9 and N6(H61) dehydrogena-

tion (3.68 and 2.32 kcal mol-1, respectively, below separated reactants). The C2 dehydrogenation

transition state energies vary based on hydroxyl orientation; 0.77 and 0.81 kcal mol-1 above sepa-

rated reactants, for H from hydroxyl radical pointing “down” and “up”, respectively. Note that with

the ZPVE correction these transition states lie below the separated reactants. Dehydrogenation at

the C8 site is energetically least favored, with a transition state 4.35 kcal mol-1 above separated

adenine plus OH radical.

4.4.7 OPTICAL TRANSITIONS

TD-DFT computed absorption spectra for adenine, the four reactant complexes, and the five

dehydrogenated adenine radicals are shown in Table 4. In this context Vieira and Steenken41

recorded optical absorption spectra in the 250−700 nm region. Their initial spectrum was measured
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2 µs after the reaction of OH radical with adenine. Additional spectra were recorded 30 µs after

completion of the first-order transformation reaction.

The laboratory spectrum recorded 2µs after the reaction showed small peaks around 300 and

400 nm, with a broad peak from 450 − 600 nm. In our computations, the N9, N61, and N62-

dehydrogenated adenine radicals have strong transitions in the 300 nm region. For N9, the main

transitions are at 302 nm (f = 0.050), 312 nm (f = 0.068); for N61, 298 nm (f = 0.080); and for N62,

300 nm (f = 0.079). These products were not mentioned in Vieira and Steenken’s work. Vieira and

Steenken assigned the features around 400 nm to the dehydration reaction of the A4OH radical.41

However, the ·OH + A → A4OH· → A−H6· + H2O reaction was not considered in our work, since

the mechanism involves a complex series of proton transfers. Our TD-DFT computations indicate

that N61 and N62-dehydrogenated adenine radical products have optical transitions in this region;

that is, λ = 421 nm (f = 0.017) and λ = 427 nm (f = 0.015), respectively.

After 30 µs, the Vieira-Steenken spectrum showed a significant increase of optical density (OD)

at about 330 nm, compared to the 2 µs spectrum. This feature was assigned by Steenken to the

ring-opening reaction of A8OH radical. There is also a very broad, though weak, peak in the 450-700

nm region. As mentioned above, the N61, and N62-dehydrogenated adenine radicals have transitions

in this region. However, none of these transitions is very strong. The C8 reactant complex 1 does

have a strong transition at 313 nm (f = 0.135); see Table 4. It has a significant shoulder at a

higher wavelength (335 nm, f = 0.032) and several weak shoulders in the 242−451 nm region. This

peak cannot be definitively assigned, since we focused on dehydrogenation reactions of adenine in

this work. The ring-opening reaction transients and products, as mentioned before,40,41,44–46 may

present strong transitions corresponding to these shorter wavelength peaks.

4.5 CONCLUSIONS

Six possible dehydrogenation reaction pathways for adenine attacked by the hydroxyl radical

have been investigated at the B3LYP/DZP++ level of theory. The N62, N9, and N61 pathways have

transition states lower in energy than separated adenine and hydroxyl radical; −5.43, −3.68, and

−2.32 kcal mol-1, respectively. After including the ZPVE corrections, only the C8 dehydrogenation

transition state is higher in energy higher than the separated reactants. This suggests that, except
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for attacking at the C8 site, OH radical attack at all other positions will lead to dehydrogenation

spontaneously, forming an adenine radical and water. Based on energetic analyses, the reactions

at N9, N61, and N62 are exothermic, while those at C2 and C8 are endothermic. Since N62 has

the lowest lying transition state, it is the most kinetically favorable pathway for dehydrogenation.

Other compatible pathways are the dehydrogenation at N9 and N61. Dehydrogenation at C2 is less

favorable than at the N9 and N61 positions. For the C8 pathway, though the activation energy is

4.35 kcal mol-1 relative to separated A plus OH radical, the local barrier is 37.14 kcal mol-1 with

respect to reactant complex 1. These relatively high barriers indicate that C8 dehydrogenation is

unlikely to take place; ring-opening reaction may occur in agreement with early experiments.41,44

The TD-DFT computed transitions of N61 at 421 nm and N62 427 nm agree well with the early

experimental assignment of a 400 nm band to dehydrogenation at N6 position. The N6 position is

most favorable for OH radical attack, leading to formation of N6-dehydrogenated adenine radicals.
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Table 4.1: Energies (∆E, in kcal mol-1, ZPVE corrected values in parentheses) of the five dehy-
drogenated adenine radicals [(A−H)·] plus water, relative to separated adenine plus OH radical.
Also reported are reaction enthalpies (∆H, in kcal mol-1), entropies (∆S, in cal mol−1), and Gibbs
energies (∆G, in kcal mol-1) for A + OH· → (A−H)· + H2O.

∆E ∆H ∆S ∆G

N9-dehydrogenated adenine −17.36 (−17.88) −0.30 3.33 −1.30

N62-dehydrogenated adenine −14.75 (−15.27) −0.53 2.07 −1.14

N61-dehydrogenated adenine −13.67 (−14.20) −0.54 2.04 −1.15

C2-dehydrogenated adenine −7.85 (−8.06) 0.24 5.28 −1.34

C8-dehydrogenated adenine −0.30 (−0.43) 0.24 4.04 −0.96
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Table 4.2: Relative energiesa (Erel, in kcal mol-1, ZPVE corrected values in parentheses,) of sixteen
structures with respect to separated adenine plus OH radical, and the dissociation energies with
respect to separated dehydrogenated adenine radical plus water (DE, in kcal mol-1, ZPVE corrected
values in parentheses).

Description Erel DE
A + OH· (A−H)· + H2O

1 [AH8 · · ·OH]· −32.79 (−29.64) 32.49 (29.21)
2 [(A−H)N9 · · ·H2O]· −24.21 (−22.94) 6.85 (5.06)
3 [(A−H)N62 · · ·H2O]· −22.45 (−20.79) 7.70 (5.52)
4 [(A−H)N61 · · ·H2O]· −20.47 (−19.24) 6.80 (5.04)
5a [(A−H)C21 · · ·H2O]· −18.69 (−16.71) 10.84 (8.65)
6b [(A−H)C22 · · ·H2O]· −17.47 (−15.81) 9.62 (7.12)
7 [AH62 · · ·OH]· −11.39 (−9.13) −3.36 (−6.14)
8 [(A−H)C8 · · ·H2O]· −10.91 (−8.87) 10.61 (8.44)
9 [AH9 · · ·OH]· −10.66 (−8.84) −6.71 (−9.04)
10 [AH61 · · ·OH]· −10.15 (−8.13) −3.52 (−6.07)
TS1 N62 position −5.43 (−6.40) −9.31 (−8.87)
TS2 N9 position −3.68 (−5.47) −13.68 (−12.41)
TS3 N61 position −2.32 (−3.36) −11.35 (−10.85)
TS4b C21 position 0.77 (−1.42) −8.61 (−6.64)
TS5c C22 position 0.81 (−1.34) −8.65 (−6.72)
TS6 C8 position 4.35 (1.89) −4.65 (−2.31)

aThese are also the negative values of binding energies.
bC21 is for transition state and product of C2 position reaction with a lower energy, see Figure 10.
cC22 is for transition state and product of C2 position reaction with a higher energy, see Figure 11.
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Table 4.3: Barrier heights (∆H‡, in kcal mol-1), barrier entropy changes (∆S‡, in cal mol−1), and ordered
Gibbs energies of activation (∆G‡, in kcal mol-1) with respect to separated adenine plus OH radical at
298.18 K for the six dehydrogenation reactions [A + OH· → TS→ (A−H)· + H2O].

∆H‡ ∆S‡ ∆G‡

TS1 (N62 position) -2.06 -32.67 7.68
TS2 (N9 position) -2.32 -28.00 6.03
TS3 (N61 position) -1.81 -29.47 6.98
TS4 (C21 position) -2.51 -26.22 5.31
TS5 (C22 position) -2.53 -27.03 5.53
TS6 (C8 position) -2.79 -27.13 5.29
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Figure 4.1: IUPAC numbering of atoms for adenine.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

Application of high levels of theory to small molecules is still of interest to both experimentalist

and theorists. Detailed analysis of small molecules by means of improved computational and exper-

imental methods can be very helpful for more complete understanding of the system. In addition,

reference data such as energies and other properties for small model systems provides invaluable

information for larger molecules and bulk systems.

Challenging problems related to the electronic structure of two open shell systems, (H2O)2
+

and BNNO have been systematically investigated by quantum mechanical ab initio methods such

as SCF, CCSD, and CCSD(T). Corrections due to the zero point vibrational energy have been

included, and large basis sets such as aug-cc-pVQZ have been employed.

Fourteen stationary points have been located on the water dimer radical cation electronic dou-

blet ground state PES. For this open shell system, stationary point geometries and energetics are

very sensitive to basis sets and levels of sophistication. However, with the highest level aug-cc-pVQZ

CCSD(T) computations, the small energy difference, which is less than 1 kcal mol-1, between isomer

1 and 2 is able to be predicted. The geometry of the (H2O)2
+ global minimum, isomer 1, is very

different from neutral water dimer due to loss of one electron and formation of a hydrogen bridge

bond.

The isomerization reactions for BNNO have been characterized with various ab initio methods.

The small reaction barrier is accurately predicted using high level computations. Fundamental

vibrational frequencies, as well as isotopic shifts, were compared with experimental observations.

This confirms that the second lowest lying trans-isomer is formed in the reaction of boron with

nitrous oxide. In addition, physical and chemical properties such as bonding, equilibrium geome-

tries, dipole moments, and infrared intensities have been studied, and reliable values have been

determined with coupled cluster theories.
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Finally, B3LYP method combined with DZP++ basis set efficiently elucidated the potential

energy surfaces for dehydrogenation of adenine by hydroxyl radical. The corresponding reaction

pathways and energetics should shed light on related biochemical experiments. Understanding the

detailed reaction processes of small molecules and fragments of large biomolecules such as DNA,

constitutes the most promising path towards solutions for DNA damage and other human diseases.
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Table A.1: Electron configurations of the cyclic, trans, cis, TS1 and TS2 BNNO molecule, and that
of the linear NNO (X̃ 1Σ+) molecule.

Structure Electron configuration

cyclic [core](5a′)2(6a′)2(7a′)2(8a′)2(1a′′)2(9a′)2(10a′)2(11a′)2(2a′′)2(12a′)a

trans [core](5a′)2(6a′)2(7a′)2(8a′)2(9a′)2(1a′′)2(10a′)2(2a′′)2(11a′)2(12a′)a

cis [core](5a)2(6a)2(7a)2(8a)2(9a)2(10a)2(11a)2(12a)2(13a)2(14a)a

TS1 [core](5a)2(6a)2(7a)2(8a)2(9a)2(10a)2(11a)2(12a)2(13a)2(14a)a

TS2 [core](5a′)2(6a′)2(7a′)2(8a′)2(1a′′)2(9a′)2(10a′)2(2a′′)2(11a′)2(12a′)a

NNO [core](4σ)2(5σ)2(6σ)2(1π)4(7σ)2(2π)4 b

a[core] denotes the four lowest-lying core [B, N, O: 1s-like] orbitals.
b[core] denotes the three lowest-lying core [N, O: 1s-like] orbitals.
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Table A.2: Dominant CI coefficients of cc-pVQZ CASSCF wave function for five stationary points
of BNNO molecule predicted at the cc-pVQZ UCCSD(T) geometries. [. . .] denotes the eight
lowest-lying orbitals.

Structure Wavefunction CI coefficients

cyclic

[. . .](9a′)2(10a′)2(11a′)2(12a′)1(1a′′)2(2a′′)2 C1 = 0.930

[. . .](9a′)2(10a′)2(11a′)2(12a′)1(1a′′)2(2a′′)0(3a′′)2 C2 = −0.137

[. . .](9a′)2(10a′)2(11a′)2(12a′)1(1a′′)0(2a′′)2(3a′′)2 C3 = −0.070

[. . .](9a′)2(10a′)2(11a′)0(12a′)1(13a′)2(1a′′)2(2a′′)2 C4 = −0.060

trans

[. . .](9a′)2(10a′)2(11a′)2(12a′)1(1a′′)2(2a′′)2 C1 = 0.927

[. . .](9a′)2(10a′)2(11a′)2(12a′)1(1a′′)2(2a′′)0(3a′′)2 C2 = −0.155

[. . .](9a′)2(10a′)2(11a′)0(12a′)1(13a′)2(1a′′)2(2a′′)2 C3 = −0.101

[. . .](9a′)2(10a′)2(11a′)2(12a′)1(1a′′)0(2a′′)2(4a′′)2 C4 = −0.071

cis

[. . .](9a)2(10a)2(11a)2(12a)2(13a)2(14a)1 C1 = 0.912

[. . .](9a)2(10a)2(11a)2(12a)2(13a)0(14a)1(15a)2 C2 = −0.102

[. . .](9a)2(10a)2(11a)2(12a)1(13a)1(14a)2(15a)1 C3 = −0.071

[. . .](9a)2(10a)2(11a)2(12a)0(13a)2(14a)1(16a)2 C4 = −0.074

TS1

[. . .](9a)2(10a)2(11a)2(12a)2(13a)2(14a)1 C1 = 0.912

[. . .](9a)2(10a)2(11a)2(12a)2(13a)0(14a)1(15a)2 C2 = −0.099

[. . .](9a)2(10a)2(11a)2(12a)0(13a)1(14a)2(16a)2 C3 = −0.083

[. . .](9a)2(10a)2(11a)1(12a)2(13a)1(14a)2(15a)1 C4 = 0.074

TS2

[. . .](9a′)2(10a′)2(11a′)2(12a′)1(1a′′)2(2a′′)2 C1 = 0.914

[. . .](9a′)2(10a′)2(11a′)2(12a′)1(1a′′)2(2a′′)0(3a′′)2 C2 = −0.109

[. . .](9a′)2(10a′)2(11a′)1(12a′)1(13a′)1(1a′′)2(2a′′)2 C3 = −0.107

[. . .](9a′)2(10a′)2(11a′)0(12a′)1(13a′)2(1a′′)2(2a′′)2 C4 = −0.106
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Table A.3: Optimized geometries (Å and degrees) for five stationary points of BNNO (X̃ 2A′), BN
(X 3Π), NO (X 2Σ+), and NNO (X̃ 1Σ+) predicted at the aug-cc-pVQZ CCSD(T) level of theory
[geometries at the cc-pVQZ CCSD(T) level of theory are in parenthesesa]. τ (BNNO) for the cis
BNNO isomer is 38.8◦ and τ for TS1 is 80.4◦.

Structure re(ON) re(NN) re(BN) re(NB) θe(NNO) θe(BNN) θe(NBN) θe(BNN)

cyclic
1.201 1.351 1.417 1.437 133.0 62.5 56.5 61.0

(1.199) (1.352) (1.415) (1.436) (133.0) (62.5) (56.6) ((60.9)

trans
1.199 1.373 1.257 113.7 164.0

(1.198) (1.375) (1.256) (113.7) (164.0)

cis
1.197 1.240 1.405 134.7 137.4

(1.196) (1.240) (1.404) (134.8) (137.9)

TS1
O

N N
B

– – – – –

(1.195) (1.235) (1.397) (135.0) (144.4)

TS2
1.181 1.284 1.437 1.839 135.7 84.9 44.0 51.1

(1.180) (1.284) (1.436) (1.837) (135.7) (84.8) (44.1) (51.1)

BN 1.330

NO 1.153

NNO 1.188 1.129 180.0

a TS1 is only shown at the cc-pVQZ CCSD(T) level of theory, without the augmenting diffuse functions.
See text for details.
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Table A.4: BNNO (X̃ 2A′)→ B (2Pu) + NNO (X̃ 1Σ+) dissociation energies (in kcal mol-1, ZPVE
corrected values in parentheses) at the SCF, CCSD, and CCSD(T) levels of theory with the four
basis sets.

Level of theory cyclic trans cis

cc-pVTZ SCF 29.53 (27.50) 33.26 (32.07) 11.76 (11.17)
aug-cc-pVTZ SCF 30.17 (28.14) 33.49 (32.30) 11.68 (11.10)
cc-pVQZ SCF 30.33 (28.28) 33.89 (32.69) 11.93 (11.33)
aug-cc-pVQZ SCF 30.50 (28.45) 33.95 (32.75) 11.91 (11.32)

cc-pVTZ CCSD 35.44 (33.68) 34.33 (33.54) 22.22 (22.30)
aug-cc-pVTZ CCSD 36.66 (34.89) 35.15 (34.33) 22.68 (22.78)
cc-pVQZ CCSD 37.83 (36.03) 36.36 (35.52) 23.33 (23.42)
aug-cc-pVQZ CCSD 38.27 (36.17) 36.77 (35.60) 23.58 (23.35)

cc-pVTZ CCSD(T) 38.33 (36.74) 35.14 (34.95) 25.64 (25.44)
aug-cc-pVTZ CCSD(T) 39.58 (37.97) 36.11 (35.67) 26.27 (26.09)
cc-pVQZ CCSD(T) 40.80 (39.16) 37.32 (36.86) 26.97 (26.68)
aug-cc-pVQZ CCSD(T) 41.27 (39.65) 37.81 (37.33) 27.30 (27.02)
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Table A.5: BNNO (X̃ 2A′) → BN (X 3Π) + NO (X 2Σ+) dissociation energies (in kcal mol-1,
ZPVE corrected values in parentheses) at the SCF, CCSD, and CCSD(T) levels of theory with the
four basis sets.

Level of theory cyclic trans cis

cc-pVTZ SCF 17.12 (13.10) 20.85 (17.67) −0.65 (−3.23)
aug-cc-pVTZ SCF 17.52 (13.50) 20.84 (17.66) −0.97 (−3.54)
cc-pVQZ SCF 17.47 (13.44) 21.03 (17.85) −0.93 (−3.50)
aug-cc-pVQZ SCF 17.58 (13.55) 21.03 (17.86) −1.00 (−3.57)

cc-pVTZ CCSD 45.69 (41.95) 44.58 (41.81) 32.47 (30.57)
aug-cc-pVTZ CCSD 46.78 (43.06) 45.27 (42.50) 32.80 (30.96)
cc-pVQZ CCSD 47.91 (44.15) 46.44 (43.64) 33.41 (31.54)
aug-cc-pVQZ CCSD 48.34 (44.61) 46.84 (44.04) 33.65 (31.79)

cc-pVTZ CCSD(T) 51.39 (47.83) 48.20 (46.04) 38.70 (36.54)
aug-cc-pVTZ CCSD(T) 52.54 (48.99) 49.07 (46.69) 39.23 (37.12)
cc-pVQZ CCSD(T) 53.75 (50.17) 50.27 (47.87) 39.93 (37.69)
aug-cc-pVQZ CCSD(T) 54.22 (50.67) 50.75 (48.35) 40.25 (38.04)
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Table A.13: Fundamental vibrational frequencies (in cm-1) for the BNNO molecule and the cor-
responding shifts (∆) upon isotopic substitution at the cc-pVTZ CCSD(T) level of theory. The
experimental results for the lowest lying isomer are shown for comparison purposes.

Mode (Sym.) ν10B14N14NO ∆(ν11B14N14NO) ∆(ν10B15N15NO)

Exp.a

B-N stretch 1837 41 28

N-O stretch 1502 2 26

N-N stretch 838 1 23

Bending 634 7 9

trans-BNNO

B-N stretch 1862 43 32

N-O stretch 1527 2 26

N-N stretch 828 1 24

Bending 612 8 10

cyclic-BNNO

B-N stretch 1297 27 20

N-O stretch 1677 6 37

N-N stretch 977 17 19

Bending 825 8 17

a Ref.1.
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SOMO   12a’

2a”

11a’

10a’

9a’

Figure S1: The five highest-lying occupied molecular orbitals of the 2A′ cyclic BNNO minimum
at the cc-pVTZ ROHF level of theory.
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SOMO   12a’

2a”

11a’

10a’

1a”

Figure S2: The five highest-lying occupied molecular orbitals of the 2A′ trans BNNO minimum at
the cc-pVTZ ROHF level of theory.
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13a

12a

11a

10a

SOMO 14a

Figure S3: The five highest-lying occupied molecular orbitals of the 2A cis BNNO minimum at the
cc-pVTZ ROHF level of theory.



130

SOMO 14a

13a

12a

11a

10a

Figure S4: The five highest-lying occupied molecular orbitals of the transition state TS1 at the
cc-pVTZ ROHF level of theory.
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SOMO  12a’

11a’

2a”

10a’

9a’

Figure S5: The five highest-lying occupied molecular orbitals of the transition state TS2 at the
cc-pVTZ ROHF level of theory.
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HOMO  2π

7σ

1π

Figure S6: The five highest-lying occupied molecular orbitals of the X̃ 1Σ+ N2O molecule at the
cc-pVTZ RHF level of theory.
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