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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1 INTRODUCTION

The accurate prediction of the evolution of a chemical reaction, and the physical and
chemical properties of molecular systems, are the drive to pursue the quest of knowledge in
the field of computational quantum chemistry. The last three words of the previous sentence
combine the three worlds: ‘Computers’, ‘Quantum theory’ and ‘Chemistry’ in one.
Computational quantum chemistry opened up a whole new dimension of fundamental
research that has seen dramatic transformations in the last two decades. So much so, that the
field of Computational Quantum Chemistry is challenging experimental chemistry for
equality, if not superiority in the accuracy of results, reliability, speed and cost effectiveness
in some cases. The advancement of technology has made the field of ab initio quantum
chemistry an extremely useful tool to perform high accuracy predictions using computers.

The two fundamental observables of interest in chemistry are the structural
parameters and energies (or energy differences) of the molecular species involved in a
chemical reaction. Most of the relevant properties of matter are the manifestation of the
energy differences between states or between species. Therefore, the prediction of the
structures and energies with extreme precision plays an important role. However, achieving a
sufficient of accuracy and precision in the prediction of the physical properties requires a
certain computational power. The degree of accuracy achieved in predicting the energies and
physical properties of small molecules containing a handful of atoms is very hard to achieve
with molecules of larger size. This chapter is intended to introduce the most accurate
theoretical methods used to address chemical problems. In the following chapters I will be
discussing the specific projects I have undertaken in the last four years and chemical

problems solved using the theoretical methodologies introduced in this chapter.



To understand and predict chemistry using reliable quantum chemical methods, it is
necessary to concentrate on two key aspects of the electronic problem.' First, an accurate
description of orbitals. The allowed regions an electron can reside in in a molecule is
represented by a linear combination of a set of ortho-normal functions. The more complete
the set of functions is, the better is the description of electrons in a molecule. In a real
computation, this is done by basis sets containing the co-efficient and exponents of functions
of s, p, d etc. type orbitals. This is the major source of error in a quantum chemical
calculation and one for which no defined recipe of improvement exists. The second key
aspect is the way electronic interactions are addressed; i.e., the estimation of interaction
energies. Hartree-Fock (HF) and Post-Hartree-Fock theories take into account the electronic
interaction in various ways and find the best wave function by minimizing energy. Density
Functional Theory (DFT) on the other hand, treats the electron as density smeared over the
space surrounding the nucleus. While the HF and Post-HF correlated methods can achieve
chemical accuracy easily for small molecules, these methods become too expensive for larger
systems and therefore DFT methods have to be employed. For larger molecules, DFT
methods maintain the quantum chemical nature of the prediction bringing in a small number
of adjustable parameters. In the following sections these methods will be briefly discussed in

the context of the calculations performed on small and large molecules.

1.2 SMALL MOLECULES AND CORRELATED METHODS

The main premise is that solving the non-relativistic Schrodinger equation would produce the

exact electronic energy for a given electronic configuration of a molecule in a particular



electronic state. Under the Born-Oppenheimer approximation with nuclei position clamped,

the non-relativistic Schrodinger equation looks like

H¢el - E(Del
Where, ?, is the electronic wave function and I:Iel is the non-relativistic electronic
Hamiltonian.
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The electronic Hamiltonian (I:I ) consists of three terms: the kinetic energy of the electrons,
the nucleus-electron attraction and the electron-electron repulsion. The solution of the
Schrédinger equation gives the energy of the system. Total energies, relative energies, dipole
moments, quadruple moments, force constants and harmonic vibrational frequencies are
calculated by taking energy differences or energy derivatives of some sort. However
conceptually robust this idea might be, actually solving the Schrédinger equation, explicitely,
becomes extremely complicated, even for simple systems because of the presence of the
inter-electronic distance term in the Hamiltonian. So the entire field of quantum chemistry is
built upon various levels of approximations.”

The simplest of all the quantum chemical approximation methods is the Hartree-Fock
method. In Hartree-Fock approximation, the ground state of an N-electron system is

described a single Slater determinant.
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The energy is minimized with respect to the choice of spin orbitals in the Slater determinant.
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By the variational principle, the HF energy is a strict upper bound to the exact electronic

energy. By minimizing E° one can reach the following Hartree-Fock equations.
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where, v/ is the average potential experienced by the i"™ electron due to the presence of all
the other electrons and F; is the one electron Fock operator. The HF equations are solved by

making an initial guess for the spin orbitals and solving them iteratively until self-

consistency is reached. HF theory treats the complicated many electron problem as a one

electron problem. Thus, HF theory takes no account of the notorious electron correlation
3

problem.

Electron Correlation energy is expressed as the energy difference between the exact non-

relativistic energy of a system and the HF energy of the same for a given basis set.

E E

=& HF
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In real systems electron correlation makes a big difference for both the ground state and
excited states, when many electron systems are considered. Most of the times, electron
correlation changes the “chemistry”, not only quantitatively but also qualitatively. There

exits various techniques to model the electron correlation problem are discussed in the

following paragraphs.



Configuration Interaction (CI) is conceptually the simplest of the approximations, to
improve upon the deficiencies of the HF methods, available to get the correlation energy of a
multi-electron system. In a CI scheme, the HF determinant consisting of optimal spin
orbitals, (assume it adequately represents the HF wave function of the ground state of the

system) is improved by adding excited determinants which differ from the HF determinant

(| (00>) by one or more spin orbitals.
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The equation above shows the full CI wave function. It is a better approximation to the exact
form of the wave function than the HF reference wave function according to variational
principle. The full CI wave function provides an exact recipe for the many electron problem.
However, in practice one needs to truncate this expansion for the sake of simplicity and cost.
So, the CI energy, which is obtained by diagonalizing the above wave function on the many
electron Hamiltonian matrix, is a rigorously upper bound to the exact energy of the system.
Although CI is a very good approximation to estimate correlation effects and extracts more
than 80 per cent of the total correlation energy, in most cases it is not enough.

In a single determinant wave function description, the Coupled Cluster (CC) theories
perform much better and extract out more than 90 per cent of the correlation effects in most
cases. CC theories generalize and incorporate the excited determinants by an exponential
wave function ansatz. Unlike the CI scheme, the CC scheme takes care of the excitation from

the single reference determinant by an exponential excitation operator T.*”

[fec) =exp (D) = 47+ T+ 7))

where,T =T +T, + T, +---+7A“n



Depending upon the length of the expansion and the truncation, various CC schemes are
formulated. Coupled Cluster Singles and Doubles (CCSD), and perturbative triples
(CCSD(T) — the contributions of the triple excitations are incorporated perturbatively to the
iterative CCSD procedure) theories are used in estimating the energies and the physical
properties.

NO; is an environmentally active molecule. It takes part in the formation of NOy
gases and also contributes to the green house effect and global warming. The exploration of
ground and the excited electronic states of NO; is extremely important. NO,, being an open
shell neutral molecule, poses interesting challenges to the theoretical exploration of the
excited states. It serves both as a practical chemical problem as well as a model for open shell
species. Multiple excitations of the inner shell electrons lead to the quartet electronic states
which are closely spaced. This brings in the possibility of multi-reference character and
interactions between states of same spin. Necessity arises for the treatment of multiple
reference states using multi-reference methods like Complete Active Space Self Consistent
Field (CASSCF) and State Averaged CASSCF (SA-CASSCF) methods. In chapter 6 the
theoretical journey through the quartet excited states of NO; is documented. All the methods

discussed above are used in the electronic structures calculation of the excited states of NO,.

1.3 SMALL CLUSTERS

Comprehensively predicting the structures of the small atomic clusters, newly found
molecules and novel interstellar molecules is a challenging task. Molecules with
unconventional connectivities are produced in the gas phase in the atmosphere, the

interstellar medium and also in combustion processes. These non-conventional structures



represent local minimum in the potential energy surface of a molecule. Unfortunately, very
little experimental data is available for these types of molecules with a handful of atoms. For
small atomic clusters especially, the experimental data are hard to come by. Theoretically,
the problem of finding out all the possible isomers, both local and global, on the potential
energy surface of a molecule has been addressed with partial success.

An automated stochastic procedure to search for all local and the global minima on
the potential energy surface (PES) of a molecule or a cluster of atoms has been developed
and coded, as will be discussed thoroughly in chapter 5. The conceptually simple idea of
random kicking is implemented in an automated computer program and demonstrated with
illustrative examples. The procedure developed here has the unique feature of being unbiased
by human chemical intuition and automated to reduce human intervention and computational

expense.

1.4 LARGE MOLECULES AND DENSITY FUNCTIONAL THEORY

In a truly astounding development, density functional theory (DFT)*'' has captured
the attention of this generation of quantum chemists. Although the formulation of DFT is far
from simple, its ability to perform large calculations has attracted many of theoretical as well
as experimental chemists to try their hands. Full geometry optimizations of molecules
consisting of as many as one hundred second row atoms with modest sized diffuse basis sets
(e.g. a thousand basis functions) are now being done on a regular basis on desktop pc.
Modeling reactions theoretically will also be feasible in near future with reasonable accuracy.

DFT takes a special approach to the quantum chemical problem. At the root of this

approach is the finding made by Walter Kohn, that all the ground state molecular properties



can be predicted exactly for fixed nuclear positions by using density only. Unlike ab initio
quantum chemical methods, DFT moves away from the wave function formalism and deals
with density, thus decreasing the 3n co-ordinate dependence of wave function based
methods. Hohenberg and Kohn'' proved that there exists a unique relationship between the
electronic Hamiltonian and the electron density. All the molecular properties could be
calculated if the functional form of the electron density is known exactly. Alas! No such
‘exact functional form’ exists in reality. The most successful development towards the
formulation of an exact functional form of the density came in the form of Kohn-Sham
DFT." Using the iterative concept of the HF-self consistent field theory, the explicit
construction of electronic kinetic energy terms was bypassed. In the Kohn-Sham formalism
of DFT, the exchange correlation functionals were introduced to extract the non-classical
exchange effects and correlation energy. Thus the construction of exchange-correlation
functional is of paramount interest in KS-DFT. The effects of correlation are included in an
exchange correlation functional, so its efficiency compares with the post-HF correlated levels
of theory at a cost of HF.

Early success for DFT was obtained from the Thomas-Fermi model and the first
generation DFT, the local density approximations (LDA) which is a variant of Slater’s Xa
theory. Periodic boundary conditions were set to emulate the molecular environment from a
uniform electron gas. However, the biggest breakthrough of the KS-DFT came in the form of
generalized gradient approximation (GGA) exchange-correlation functionals which are
generally considered as the second generation the of DFT functionals and shown to perform
much better than before. Numerous functionals were proposed over the years. Among them,

Becke’s 1988 exchange functional and Lee, Yang and Parr’s correlation functional and



Perdew-86 correlation functionals are the most popular. Combinations of these functionals
[e.g. BLYP, BP86] are called the pure functionals and produce accurate structure and
thermo-chemical results for variety of chemical systems for much lower computational costs
than the wave function based correlated ab initio methods. The hybrid DFT functionals
followed soon after to correct for some of the deficiencies of the pure functionals. Becke’s
three parameter hybrid density functional (B3) is the most common of this type and the
hybrid exchange-correlation functional B3LYP is the most widely used DFT functional in the
quantum chemical computations. The accuracy in the energy calculations and structural and
vibrational frequency analysis of the DFT methods is close to the acceptable limits of
chemical accuracy. Very recently the third generation of DFT, the optimized potential
methods (OPM) started taking shape.

The ground state properties of large molecules like purine and pyrimidine bases, base
pairs, radicals, and anions formed by variety of chemical reactions are predicted by the DFT
functionals discussed above. This research is a creation of our conviction that the
comprehensive understanding of biochemistry will stem from the understanding of
structures, energetics and the intermolecular interactions of biomolecules in an isolated
condition followed by, first, micro-solvation and then total solvation. I chose to work on the
DNA damage caused by radiation and oxidation at the molecular level because of its
importance in unraveling the mysteries of cancer-like diseases. Radiation starts a sequence of
events in biological systems, which are mainly categorized into two main types: primary
events and secondary events. Primary events include the radiation itself which produces
Compton and photoelectrons, charged particles, excited molecules, radicals, anions and most

importantly the low energy secondary electrons (SE). The secondary events are the events

10



caused by the products, manly SE, of primary events. The SEs retain most of the energies of
the primary electrons. Although the energy of the SE’s vary from 0.1 — 30 eV, they are
produced in large numbers (~ 10°/MeV). Recently it was shown experimentally by Sanche et
al. and theoretically by several groups, that these low energy electrons can break bonds and
create radicals. Radicals are extremely reactive species which in turn undergoe various types
of chemicals reactions. Chemical reactions in the double stranded DNA can lead to strand
breaks. I am interested in following the processes that occur in the gas phase after the
radiation damage and also in predicting valuable physical properties of these very important
transient species. In chapters three and four I have explored and elaborated on the structural

12, 13

and physical observables of these radical and anionic species of purine and pyrimidine

bases and base pairs.
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CHAPTER 2

CYCLIC PERFLUOROCARBON RADICALS AND ANIONS HAVING

HIGH GLOBAL WARMING POTENTIALS (GWPS): STRUCTURES,

ELECTRON AFFINITIES AND VIBRATIONAL FREQUENCIES.

Bera, Partha P. and L. Horny, and H. F. Schaefer I1I. 2004. Journal of American Chemical

Society. 126: 6692-6702. Reprinted by permission of the American Chemical Society.
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2.1 ABSTRACT

Adiabatic electron affinities, optimized molecular geometries, and IR-active vibrational
frequencies have been predicted for small cyclic hydrocarbon radicals C,Hz,; (n=3-6) and
their perfluoro counterparts C,F,,.; (n=3-6). Total energies and optimized geometries of the
radicals and corresponding anions have been obtained using carefully calibrated (Chem. Rev.
2002, 702, 231) density functional methods, namely the B3LYP, BLYP, and BP86
functionals in conjunction with the DZP++ basis set. The predicted electron affinities show
that only the cyclopropyl radical tends to bind electron among the hydrocarbon radicals
studied. The trend for the perfluorocarbon (PFC) radicals is quite different. The electron
affinities increase with expanding ring size until n=5 and then slightly decrease at n=o6.
Predicted electron affinities of the hydrocarbon radicals using B3LYP hybrid functional are:
0.24 eV (CsHs/CsHs"), -0.19 eV (C4H7/C4H7"), -0.15 eV (CsHo/CsHy") and -0.11 eV (Ce¢Hyy/
Ce¢Hi17). Analogous electron affinities of the perfluorocarbon radicals are: 2.81 eV

(C3F5/C3F5_), 3.18eV (C4F7/C4F7_), 3.34eV (C5F9/C5F9_), 3.21eV (C6F11/C6F11_).

2.2  INTRODUCTION

Cyclic hydrocarbons and perfluorocarbons (PFC) have drawn attention due to their
effects on the environment, very high atmospheric stability and lack of proper systematic
study. Smaller (three to six C-atom rings) cyclic hydrocarbons and especially
perfluorocarbons are exceptionally stable in the atmosphere (>3000 Yrs)."” This exceptional
high stability has earned them (cyclic perfluorocarbons) the dubious name “immortal
molecules”. Along with their very high atmospheric stability these PFCs are very potent

greenhouse gases. The PFCs Global Warming Potentials (GWPs) are 10°-10" times as high as
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that of carbon dioxide. Although, the present amount of PFCs in the atmosphere is not high
enough to cause any immediate threat to the environment, concern over these molecules is
serious because, unlike other PFCs (CF4 and C,Fs, controlled substances considered by the
Kyoto Protocol’, United Nations, 1997), they are not controlled substances. However, cyclic
PFCs due to their non-toxic nature, oxygen and carbon dioxide dissolving power, and high
stability make them usable as blood plasma substitutes* (cyclic seven and eight membered
rings). Also they are extensively used in rapidly developing high-density plasma (HDP)
processes and atmospheric tracer studies.”’ All these factors and the lack of sufficient
experimental data for the hydrocarbon and perfluorocarbon radicals and anions make these
types of molecules important and interesting for further study.

8-16 and

The cyclopropyl radical has been studied over the years both theoretically
experimentally. Fessenden and Schuler'' deduced the out-of-plane angle of the alpha-
hydrogen to be 41° from ESR spectra. Ellinger. et al.'> in the 1970’s carried out ab initio
studies of the cyclopropyl radical and reported the hyperfine coupling properties. Dupuis and
Pacansky" in early 1980°s had predicted the equilibrium structure and the vibrational
properties of the cyclopropyl radical at the ab initio Hartree-Fock level, using the standard
Pople “split valence” 4-31G basis. They estimated the total energy to be -116.2394 a. u. and
the out of plane angle to be 39.3° at the equilibrium geometry which has Cs symmetry.
However no comprehensive study has been reported on the structure and energetics of the
larger hydrocarbon radicals and anions. Schleyer, Spitznagel and Chandrashekhar'” in 1986
predicted the existence of cyclopropyl anion in the gas phase. They even predicted that the

cyclopropyl anion should be more stable than other secondary carbanions. For example,

Schleyer considered the cyclobutyl anion and concluded that C4Hg should have a negative
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electron affinitiy. The electron affinities estimated by them, at the MP2/6-31+G* level of
theory, were 5.1 kcal/mol (0.22 eV) for CsHs and -11.4 kcal/mol (-0.49 eV) for C4H-.
Subsequently, Squires ef al '* in the same year demonstrated the existence of the cyclopropyl
anion produced by collision induced decarboxylation in the gas phase. Seburg and Squires'
in 1997 determined the electron affinity of CsHs to be 0.397+/- 0.069 eV using gas phase
kinetic methods. Recent studies’”?' by our group have shown that DFT methods generally
reproduce the experimental electron affinities of the radicals and neutral molecules well, on
average within 0.15 eV of definitive experimental values. Despite the controversies involving
the HOMO energies of the anions and electron self interaction, DFT functionals have been
proved to predict the structures and electron affinities well.**>> Although the cyclopropyl
radical and anion have been investigated over the years, very little research has been done on
the corresponding c-butyl, c-pentyl and c-hexyl counterparts, suggested by Schleyer,

Spitznagel and Chandrashekhar'’

to have negative (unfavourable) electron affinities.
Although a lot of work has been done on the straight chain perfluorocarbons, the cyclic
perfluorocarbons were neglected for a long time. In this work are presented optimized

equilibrium geometries, total energies, and vibrational frequencies of the cyclic hydrocarbon

as well as cyclic perfluorocarbon radicals and anions.

2.3  THEORETICAL METHODS

Density Functional Theory (DFT) studies were performed on the cyclic hydrocarbon
CiHan1 (n=3-6) radicals and corresponding anions, as well as the cyclic perfluorocarbon
CiF2n.1(n=3-6) radicals and the corresponding anions. We report optimized equillibrium

molecular geometries, harmonic vibrational frequencies, and electron affinities of the radicals
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using three well known DFT functionals'” B3LYP, BLYP and BP86. The radicals were
initially simulated (theoretically) by homolytically cleaving (pedagogically) a C-H bond for
hydrocarbons or C-F bond in case of perfluorocarbons. The anions were examined by adding
an electron to the radicals. All radical and anion molecular structures were fully optimized.
Adiabatic electron affinities have been evaluated by subtracting the total energy of the anion
from the total energy of the neutral radical. The optimized geometries of the molecules and
anions and their harmonic vibrational frequencies are also reported.

3639 4 standard"® basis set of contracted double-zeta

Throughout this study, DZP++,
Gaussian functions was used. This basis set is constructed by augmenting the Huzinaga-
Dunning set of contracted double-zeta Gaussian functions with one set of p polarization
functions (H) and one set of five d polarization functions (C, F). The basis set is completed
by adding one even-tempered s diffuse function to each H atom and a set of even-tempered s
and p diffuse functions to all the heavier atoms. The even-tempered orbital exponents were

determined according to the recommendations made by Lee and Schaefer.” The s-type or p-

type diffuse function exponent for a given atom is given by

1
= _(ﬁ + &)al
2 a, a,

Liiruse
where o, op, o3 are, respectively, the first, second, and third smallest Gaussion orbital
exponent of the s-type or p-type primitive functions of that atom.

Three different exchange—correlation density functionals were used in this study,
namely B3LYP, BLYP and BP86. B3LYP is a hybrid Hartree-Fock/DFT functional which
employs Becke’s 3-parameter HF/DFT hybrid exchange functional®® (B3) coupled with the

dynamical correlation functional of Lee, Yang, Parr”! (LYP). BLYP, a pure DFT functional,

employs Becke’s 1988* exchange functional (B) in conjunction with correlation functional
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of Lee, Yang and Parr (LYP). BP86 uses Perdew’s” correlation fuctional with Becke’s
exchange functional.

All the quantum chemical computations were conducted using the GAUSSIAN 94
set of DFT programs. Both radical and the anion geometries were fully optimized by the
analytic gradient method. The harmonic vibrational frequencies were obtained analytically

from the mass-weighted Hessian matrix.

2.4  RESULTS AND DISCUSSION

HYDROCARBONS
The optimized molecular geometries of the ground state cyclic hydrocarbon radicals

and the corresponding anions are given in Figures 2.1-2.8. The hydrocarbon radicals were
initially obtained by breaking one of the C-H bonds homolytically. The optimized C;
symmetry ground state structures of the C3Hs (Fig. 2.1) and C4H; (Fig. 2.3) radicals have *A’
electronic ground states. The anions were obtained conceptually by adding one electron in

the singly occupied radical HOMO orbitals. The ground electronic state of the anions C;Hs
C4H; and CgH,;, thus are of 'A’ symmetry, as expected. Interestingly, the CsHo (Fig. 2.5)

radical is puckered and is most stable in C, symmetry whereas the corresponding anion CsHo
(Fig. 2.6) has Cs symmetry in the ground state. The CsHy radical in Cg geometry is found to
represent a transition state with a single, but significant (144 i cm™) imaginary vibrational
frequency.

The adiabatic electron affinity (AEA) is obtained by subtracting the energy of
the optimized anion in the 'A’ state from the energy of the optimized radical in the *A’ state.
The total energies and adiabatic electron affinities (AEA) of the radicals and anions at their

respective optimized ground state geometries are listed in Table 2.1. Addition of one electron
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to the radical lowers the total energy of the anion C;Hs compared to the CsHs radical. The
positive (favorable) adiabatic electron affinity indicates that the C3;Hs radical successfully
binds an electron. On the contrary, addition of one electron to the other hydrocarbon radicals
studied does not stabilize the radical energetically. The total energies of the anions are thus
higher than the energies of the respective radicals. Indeed, as predicted by Schleyer,
Spitznagel and Chandrashekhar'’, the cyclobutyl and higher member cyclic hydrocarbon
anions are not bound with respect to loss of an electron. This finding can be explained in two
ways. It is clear from the HOMO of the cyclopropyl anion (Picture 2.1) that the anionic
charge is delocalized to an extent which is not visible in the HOMO of the cyclobutyl
(Picture 2.1), cyclopentyl and cyclohexyl anions. Secondly, due to the very small C-C-C
bond angle (62.9°) in the cyclopropyl radicals (Figure 2.1) the C-C bonds have a high degree
of p-character, and the orbital which the radical electron occupies has very high degree of s-
character. The extra electron in the anion goes to an s-rich orbital. In general s orbitals are
compact and hold the electrons tighter. However, in larger cyclic hydrocarbon radicals, angle
strain is relieved and the degree of p-character increases gradually on the orbital which
“holds” the radical electron. Clearly the extra stability of the cyclopropyl anion accounts for
the positive electron affinity of the cyclopropyl radical. For all three radicals, the AEA
predicted by BP86 DFT functional is higher than that predicted by the B3LYP and BLYP
functionals. In the case of C3;Hs the theoretically obtained electron affinities generally agree
with the experimental electron affinity obtained using the kinetic method by Seburg and
Squires'’. The electron affinity predicted by BP86 (0.38 ¢V) DFT functional is in very good
agreement with the experimentally reported electron affinity (0.40 £ 0.07 eV). Electron

affinities predicted by B3LYP and BLYP methods are 0.24 eV and 0.23 eV, respectively.

19



The optimized ground state geometries for both the radicals and the anions are
given in Figures 2.1-2.8. As predicted previously by Ellinger et al'* and by Dupuis and
Pacanski," the three C atoms and the H at the radical center of the cyclopropyl radical, are
not in plane. Due to the very small C-C-C bond angles, the orbitals used for C-C bonding
have a large degree of p-character. The orbital used for holding the radical’s single electron
has high s-character. This s-rich orbital pushes the C-H bonding orbital by an angle of ~39°
from the C-C-C plane. The high electron density at the carbanion center (Picture 2.1) also
makes the C-C-C bond angle smaller than 60° (deviation of 3.2° from the radical, Figure 2.2)
on the anion. Table 2.4 summarizes the IR active harmonic vibrational frequencies along

with their symmetries of the three hydrocarbon radicals and anions.

Picture 2.1. HOMO of C3Hs anion Picture 2.2. HOMO of C4H; anion

PERFLUOROCARBONS

A similar approach has been taken for the study of geometries, total energies and IR active
harmonic vibrational frequencies of the four (n=3-6) cyclic perfluorocarbon radicals (C,F2p.1)
and the corresponding anions (C,F2,.;). Conceptually, the perfluorocarbon radicals are
obtained by breaking one C-F bond homolytically. All the radicals have Cs symmetry and the

HOMOs have a' symmetry resulting in A’ electronic ground states. Anions are obtained by
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adding one electron to the half filled HOMO of the radicals and therefore have 'A’ electronic

ground states. Adiabatic electron affinities (AEA) were evaluated by subtracting the total

energy of the anion, in the 'A’ state, from the total energy of the radical in the *A’ state.

Table 1. Ground State Total Energies (Hartrees) and Adiabatic Electron Affinities (eV) of

Hydrocarbon Radicals (C,Hz,-1) and Anions (C,Hay.1-) ['A"], n=3-6, using the DFT

functionals B3LYP, BLYP, BP86.

Molecule/Method B3LYP BLYP BP86 Experiment
CsHs -117.23306 -117.15972 -117.22738
C,Hs -117.24199 -117.16822 -117.24127
- 0.24 0.23 0.38 0.397 +/-

AEA( CsH H

(GsHy/ CHs ) 0.069*
C4H; -156.57168 -156.46954 -156.563667
C,H; -156.56455 -156.46376 -156.563677
AEA (C4Hy/ C4H7_) -0.19 -0.16 0.00
CsHy -195.92735 -195.79505 -195.91574

- -195.91766 -195.78809 -195.91380
CsHo
AEA( CSHQ/ CSHQ-) ‘0.26 '0.19 '0.05
CeH1i -235.251815  -235.090917 -235.236120

- -235.247951  -235.089898 -235.240896
CeHiy
AEA (C¢Hi1/ CeHypp)  -0.11 -0.03 0.13

The total energies of the perfluorocarbon radicals and anions and the adiabatic electron

affinities are shown in Table 2.2. The electron affinities of the radicals are in general

gradually increasing with ring size (n=3-6) in the case of perfluorocarbons. Fluorine, due to

its high electronegativity and powerful electron withdrawing inductive effect, pulls the

bonding electron towards itself from the C-F single bond, rendering the already electron
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deficient radical carbon even more electron deficient. Thus the electron binding ability of the
perfluorocarbon radicals is much greater than that of analogous hydrocarbon radicals. With
the increasing ring size (n=3-6) more fluorine atoms are attached to the ring, which makes
the ring and the radical center more electron deficient. The anions are stabilized due to
delocalization of anionic charge by the negative hyperconjugative effect of F. Thus the
electron affinities of the perfluorocarbons increase gradually with ring size. The adiabatic
electron affinity reaches a maximum for CsFo. Fluorine atoms that are far away from the
radical carbon atom do not have much influence on the electron affinity of the radical. The

changes in electron affinity with increasing atomic number are shown in Chart 2.1.

Table 2.2 Total Energies (Hartrees) and Adiabatic Electron Affinities (in eV) of the cyclic

Perfluorocarbon Radicals (C,F2,.1), and anions (CHFZH_l_), n=3-6 using the B3LYP, BLYP,

and BP86 DFT methods with the DZP-++ basis set.

Molecule/Method B3LYP BLYP BPS6
C3F5 -613.541566  -613.480233  -613.548986
C3F5 -613.644657  -613.582968  -613.654864
AEA(in eV) 2.81 2.80 2.88
C4F7 -851.441657  -851.351393  -851.447499
C4FT -851.558364  -851.467774  -851.566922
AEA(in eV) 3.18 3.17 3.25
C5F9 -1089.315798  -1089.198057 -1089.319689
C5F9 -1089.438622  -1089.32103  -1089.445400
AEA(in eV) 3.34 3.35 3.42
C6F11 -1327.171135  -1327.025864 -1327.173528
C6F11” -1327.288979  -1327.144246 -1327.294084
AEA(in eV) 3.21 3.22 3.28
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The optimized ground state structures of the radicals and anions are shown in Figures
2.9-2.16. The C-C single bond distances increase in all PFC species when compared with the
C-C distance on hydrocarbons. The fluorine atoms pull electron density towards themselves
by negative hyperconjugative and inductive effects, making the C-C bonds weaker. Most of
the structural features are the same as in the analogous hydrocarbons. The CsFy radical has Cs

symmetry in its ground state, unlike CsHg which is of C, symmetry.

Table 2.3. Comparative study of IR intensities (in km/mole) of CO, and perfluorocarbons
using B3LYP/DZP++.

Cumulative IR Cumulative IR Percent of IR
intensity of all the intensity in the intensity falling in
vibrational atmospheric IR the atmospheric IR
modes(in “window”(in “window”.
km/mole) km/mole)

CO, 734

C;Fs 1149 979 85.2 %

CsFs™ 2073 1502 72.5 %

C4F7 1579 1116 70.6 %

CqF7 2328 1900 81.6 %

CsFo 1721 1295 75.2 %

CsFy 3077 2091 67.9 %

CeF 11 1951 1466 75.1 %

CeF11™ 2991 2252 75.3 %

Predicted IR active harmonic vibrational frequencies along with their intensities are also
listed for all the radicals and anions in Table 2.5. The total infrared intensities of the
perfluorocarbons show a growing trend on going from radicals to anions. The typical IR
intensities of the perfluorocarbons are also higher than those of hydrocarbons for the same

ring size. The radiation spectrum of earth spans almost the entire IR and near IR range of the
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electromagnetic spectra. However, molecules having high absorption intensities in the
atmospheric IR “window”*’ (~800 to ~1200 cm™) are likely have high GWPs. Molecules that
were once rare but are now being introduced in the atmosphere can occupy new regions of
the radiation spectrum emitted from the earth. From Table 5 it is evident that there are
several vibrational modes available for each of the perfluorocarbons in this region. The total
IR intensities (of CO;) and the IR intensities in the atmospheric IR “window” are tabulated in
Table 2.3. The predicted IR absorption lines are strong and 70-85 percent of the total IR
intensities fall on the atmospheric IR “window” of the electromagnetic spectrum. Chart 2.2
depicts the cumulative intensities of all the vibrational modes, for each perfluorocarbon

radical and anion, in the same region ( ~ 800 cm™ to ~1200 cm™).

2.5 CONCLUSIONS

Since not a great deal of experimental data is available for the molecules studied, we
are convinced that this work on the cyclic hydrocarbon and perfluorocarbon radicals should
be very helpful in the future in providing valuable information about the vibrational
frequencies and electron affinities of these small perfluorocarbon radicals. However, there is
no way of knowing with absolute certainty which DFT functional performs best in predicting
the structures, energetics and vibrational frequencies for a particular molecular system.
Taken more positively, the scatter of the results from the three DFT methods gives us a good
idea of the reliability of these methods. Using same DZP++ basis set for all three DFT
functionals we see that BP86 predicts the electron affinities (AEA) for all the radicals higher
than those predicted by the other two DFT functionals, which are close to each other. BP86

performs very well in predicting the electron affinity of the C;Hs radical. Absolute error from
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experimentally known electron affinity of C;Hs, reported by Seburg et al, are : 0.16 eV
(B3LYP), 0.17 eV (BLYP), and 0.02 eV (BP86).

We conclude that the ground electronic states of all the radicals are ZA except for CsHyg
(which is *A) and that all the anions have 'A’ symmetry. The ground state geometries of the
radicals are Cs except for CsHy which is C,. The Cs structure of the C;Hs radical is a
transition state. The unsubstituted cyclopropyl radical binds an electron while the cyclobutyl
and cyclopentyl radicals do not. This observation is explained by the presence of “extended
anionic charge delocalization” in C3Hs and absence of the same in C4H7;, CsHg and CgHy.
The lack of a positive (favorable) electron affinity indicates that the cyclobutyl and
cyclopentyl radicals can exist in the atmosphere independently without fear of electron
attachment. In the case of perfluorocarbons however, all the radicals strongly bind an
electron because of the stabilization obtained from the delocalization of excess charge by the
electron withdrawing inductive and negative hyperconjugative effects of fluorine. The high
electron affinities of radicals suggest that anions may have substantial lifetimes as
independent species under atmospheric conditions. Cyclic perfluorocarbon radicals are likely
to be short lived in the atmosphere. However, the fact that the anions are very stable in the
atmosphere and they absorb, with very high intensities, in the atmospheric IR “window”

region makes them potentially very potent greenhouse gases.
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2.8 FIGURES

B3LYP 1.545 62.9°
BLYP 1.563 63.3°

114.1°

114.0°
113.9°

T

1.479 1.086 131.3°
1.488 1.094 131.2°
1.484 1.095 131.7°

Figure 2.1. Optimized geometry of the C3Hs radical (Cs) in the >A” ground state. Bond

lengths are in A.

B3LYP 59.7°
BP86  59.8 1.535
1.115
1.116 )
1.117
111.0°
111.4°
111.3°

lengths are in A.
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B3LYP 944° 1.568
BLYP 94.5° 1.582
BP86 944° 1.568

10740 ~1ih
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Figure 2.3. Optimized geometry of the C4H; radical (Cy) in its >A” ground state. Bond

lengths are expressed in A.

B3LYP §7.90 1.558
BLYP 88.1° 1.565
BP86  88.1° 1.564

Figure 2.4. Optimized geometry of the C4H; anion (Cs) in its 'A” ground state. Bond angles

are expressed in A.
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B3LYP 1.543
BLYP 1.556
BP86 1.548

105.9°
105.7%—>

105.7°

/

1.088 1.505
1.096 1.513
1.097 1.507

Figure 2.5. Optimized geometry of the CsHo radical (Cy) in its *A ground state. Bond

lengths are expressed in A.

B3LYP 1.565
BLYP  1.579
BP86 1.570

1.510 1.102
1.516 1.108
1.510 1.109

Figure 2.6. Optimized geometry of the CsHy anion (Cy) in its 'A” ground state. Bond lengths

are in A.



B3LYP 1.102
BLYP 1.120
BP86 1.111

K{ 118.9°  1.090
106.9°

119-00 1.097
107.1° 7 1.545 s 1.099
118.9
107.0° 1.560
1.551

Figure 2.7. Optimized geometry of the C¢H;; radical (Cy) in its >A” ground state. Bond

lengths are expressed in A.

B3LYP 1.104
BLYP 1.111

BP86 1.113

111.1°
112.1°
111.6°

G

108.1°
108.2° 1.559 1.107
108.3° 1.551 1.108

Figure 2.8. Optimized geometry of the CsH;; anion (Cs) in its 'A” ground state. Bond

lengths are expressed in A.
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B3LYP 1.491 .
BLYP 1.501 1.344
BPS6  1.495 1.335 126.8°

)
W LW

1.564 58.4°
1.595 57.9°
1.587 57.9°

Figure 2.9. Optimized geometry of the CsFs radical (Cy) in its A’ ground state. Bond

lengths are in A.

B3LYP 1.393 1.382 140.4°

BLYP 1.395 1.398 144.3°

BP86  1.394 1.389  144.7°
1425 99.8°
1.459 > < 98.9°
1447 —> 99.0°

65.32 1.504 57.3°
64.9 1.518  57.0°
65.9° 1.516 57.0°

Figure 2.10. Optimized geometry of the CsFs anion (Cs) in its 'A” ground state. Bond

lengths are in A.
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B3LYP 1.500 1.310

BLYP [509 1326 B {gg
BP86 .
107.5°
1.367 4—%8;-‘2‘;’
1.376 :
1368 S \\\
86.7°
96.7° 1.586 86.7°
97.0° 1.604 86.6°
97 .0° 1.597

Figure 2.11. Optimized geometry of the C4F7 radical (Cy) in its ?A” ground state. Bond

lengths are in A.

B3LYP 1.425 1.371 130.6°
BLYP 1.435 1.385 130.6°
BP86¢ 1.434 1.377 130.6°

98.8° .
98.8° 1.554 86.2°
98.8° 1.548 85.9°

Figure 2.12. Optimized geometry of the C4F; anion (C) in its 'A” ground state. Bond

lengths are in A.
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B3LYP 1.491

BLYP 1497 0
B8 1494 1335 1315
1325  121.5°

107.0°
106.0°
106.7°

1.347
1.365
1.358

115.5°  1.589
116.5°  1.606
116.4°  1.599

Figure 2.13. Optimized geometry of the CsF, radical (Cy) in its ?A” ground state. Bond

lengths are in A.

B3LYP 1.565
BLYP 1.578
BP86 1.572

1.413 99.4°
1.451 ~<—98.8°
1.439 99.1°

\

118.1° 1.377 1.423
118.8° 1.388 1.429
118.9° 1.381 1.428

Figure 2.14. Optimized geometry of the CsFy anion (C) in its 'A” ground state. Bond

lengths are in A.

37



B3LYP 122.9°

BLYP 123.8° 1.353

BP86 123.7° 1.364 1.564
1.358

N 108.7°
108.5°
108.7°

1.323 1.505
1.339 1.512
1.332 1.501

Figure 2.15. Optimized geometry of the C¢F;; radical (C) in its 2N ground state. Bond

lengths are in A.

B3LYP 123.92 1.364
BLYP 126.1 1.383
BP86 126.1° 1.382

1.397 1.439
1.407 1.441
1.407 1.440

Figure 2.16. Optimized geometry of the CGFU_ anion (Cy) in its 'A” ground state. Bond
lengths are in A.
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CHAPTER 3

LESIONS IN DNA SUBUNITS: RADICALS DERIVED FROM THE

GUANINE-CYTOSINE BASE PAIR, (G-H)--C AND G-(C-H)-

Bera, Partha P. and Henry F. Schaefer III 2005 Proceedings of the National Academy of
Sciences of U. S. A. 102,6698-6703. Reprinted by permission of the National Academy of

Science.
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3.1 ABSTRACT

The radicals generated by the homolytic cleavage of an X-H bond from the guanine-
cytosine base pair were studied using carefully calibrated theoretical methods. The gradient
corrected density functional B3LYP was applied in conjunction with double-C plus
polarization and diffuse function basis sets, as described in Chem. Rev. 2002, 102, 231.
Optimized geometries, energies and vibrational frequencies were obtained for all the radicals
considered. Structural perturbations along with energy relaxation due to radical formation
were investigated. Dissociation energies of the guanine-cytosine base pair and all the radicals
are predicted and compared with the dissociation energy of neutral G-C. The three lowest
energy base pair radicals all involve removal of an H atom from one of the N atoms in G-C.
The lowest energy base pair radical has the hydrogen atom removed from the guanine
nitrogen atom used for the sugar phosphate linkage in DNA. This (G-H)--C radical has a
dissociation energy (to G-H+ + C) of 30 kcal/mol, compared to 27 kcal/mol for G-C. All the
radicals, which are possible outcomes of direct ionizing radiation or oxidizing species, were
investigated for the presence of local minima with significant structural changes. Major
structural deformations cause strain in the interstrand hydrogen bonding in the DNA double
helix. Severe geometry changes were observed when the hydrogen was abstracted from
interstrand hydrogen bonding sites, along with sizeable energy changes, indicating the

potentially serious consequences to the guanine-cytosine base pair.

3.2 INTRODUCTION

The purines and pyrimidines are foundational constituents of DNA and RNA, which

are the translators of genetic information from generation to generation. The causes of
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damage to purine and pyrimidine bases have received significant attention from the scientific
community. Both theoretical and experimental research on this important subject have been
directed to understanding the underlying chemistry during and after damage to DNA'. Yet
little is known about the possible outcome of damage to the base pairs in terms of energetics
and possible structural changes that can lead to strand breakage and therefore loss of genetic
information. Sophisticated experimental techniques have been used to investigate the causes
and effects of DNA damage and also to determine structural features, as well as delving into
the electron binding ability of the bases and base pairs '*. Some of the more advanced
experimental and theoretical methods have also been applied to model systems in both the
gas and liquid phases to estimate and predict the physical properties and to study hydrogen

> Over the years experimental

bonding in purine and pyrimidine base pairs
crystallographic data and theoretical work on the isolated bases and base pairs seemed to
disagree on the hydrogen bond lengths and interaction energies of the base pairs. Guerra,
Bickelhaupt, Snijders and Baerends > assign this apparent discrepancy to the effects of
molecular environment. They report that solvating the base pairs by H,O and metal ions
allows them to achieve agreement between experiment and theory with the BP86/TZ2P
method °. Nevertheless, highly complex double stranded DNA helical patterns pose strong
barriers to acquiring valuable experimental data from the DNA.

Damage to DNA and RNA base pairs can occur in at least two elementary ways, one
through direct radiation and the other through oxidative cleavage of bonds. There are
numerous experimental reports available in this respect, documenting the mechanisms

20, 21

involved in the various channels . Formation of the radicals from the neutral base pairs is

possible due to direct exposure to radiation. Involvement of electronically excited triplet
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states is also indicated in the formation of radicals from closed-shell neutrals >2. The stacked
nature of base pairs in DNA is also well suited for fast electron transfer by classes of

mutagens, causing damage to DNA >

. Radicals can bring about significant changes in the
geometry of the base pair and overall shape of the DNA strand. Any significant structural
change in the base pair can lead to strand breaking, possible mismatches in the pairing, and
mutation. Investigations into the cause and effect of radical generation due to radiation and
oxidative cleavage are necessary in terms of structural and energetic considerations.

Experiments done by several groups prove that even very low energy electrons can
break DNA by various mechanisms '. Electron attachment followed by single strand break is
one of the processes described 2. The purpose of the present research is to explore the
possibility of formation of stable radicals with significant structural changes and also to
understand the energy changes associated with such processes. This is an important subject
not only because attachment of electron to DNA base pairs or radical formation (due to high
energy electron impact and/or ionizing radiation) would lead to strand breaks and therefore
deter the information flow. Conversely, to the advantage of living things, such processes may
break up mutant and potentially dangerous tumor cells. Rearrangement of the radicals to a
deformed structure will incorporate increased strain in the rigid DNA strand. The resultant H
and base pair radicals may be quenched by thiols in biological systems *°. If not repaired
quickly, the damaged DNA mutates, and may ultimately cause cell death.

The neutral single bases have been studied theoretically for their structures and
energetic stability and predicted to be nonplanar in the gas phase. Complexation energies

26-31

upon base pair formation have also been computed for both the DNA base pairs and

electron affinities of the single bases ** and base pairs have been evaluated > .
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Due to direct radiation damage and oxidation, hydrogen atoms present in the base pair
can be removed, resulting in various neutral as well as cationic radicals. Hutter and Clark
predicted a facile proton shift in the GC" radical cation along its central hydrogen bond and
also reported the ionization potential of the isolated bases *°. A recent study by Sponer,
Jurecka, and Hobza investigated all possible combinations of base pairs in terms of their
interaction energies and hydrogen bond lengths at the MP2 and CCSD(T) levels of theory
using a cc-pVTZ basis set >, Radicals generated from guanine were also studied by Steenken
et al *°, Cullis et al *°, and Melvin et al >’ for their thermodynamic stability and role in strand
breaking in DNA.

The present research concentrates on the neutral radicals generated by removing one
hydrogen atom from the guanine-cytosine base pair, depicted in Figure 3.1. Extracting a
hydrogen bonded H atom from the GC base pair ruptures interstrand hydrogen bonds that
hold the two strands together. Removing a hydrogen atom also leads to a radical at the 8
position (see Scheme 3.2) of the guanine. It is known that 8-oxo-guanine is a very important

3,36, 38 .
d 777 °°. Radicals are formed

lesion that can change the conformational properties of the stran
by reactions with reactive oxygen species in the liquid phase, generated by ionizing radiation
and by direct radiation damage in the gas phase *. A radical at the 8 position can be a
possible intermediate for the formation of the 8-oxo species. Radicals at position 8 both in
the isolated guanine and Watson-Crick base paired models are thus important species to
investigate.

The present research is a contribution to the chemical physics of biomolecules in the

gas phase. The decision to study the isolated base pair radicals is based on two

considerations. The first is that any treatment of solvent effects for systems of the size of G-C
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radicals would degrade the reliability of the theoretical predictions. The second consideration
is our conviction that the deepest understanding of biochemistry can only result when the full
range of conditions is studied: namely (a) the isolated molecules; (b) the same molecules in a
microsolvated environment (e.g., a finite number of water molecules); and (c) the fully
solvated molecular species. Clearly, from this perspective, the first step is to have definite

theoretical predictions for the isolated molecular systems of interest.

3.3 METHODS

Optimized geometries, absolute energies and vibrational frequencies were
determined a using Generalized Gradient Approximation (GGA) exchange-correlation
density functional on the Watson-Crick guanine-cytosine base pair. The three parameter
hybrid HF/DFT exchange functional, B3 ** was used in conjunction with 1988 dynamical
correlation functional of Lee, Yang and Parr (LYP) Y The dissociation energies of the

guanine-cytosine base pair systems were evaluated as follows:

Dissociation Energy of Guanine-Cytosine
D. = E(G-C) - E(G) - E(C)
Dissociation Energies of the Radicals
(1) D.=E[(G-H)-C] - E[(G-H)-] - E(C)
(ii) D, = E[G-(C-H)-] - E(G) - E[(C-H)']
The prediction of dissociation energies from theory for systems of the size of the G-C
radicals necessarily requires a delicate cancellation of errors. This inevitably brings up the

issue of basis set superposition error (BSSE). The use of diffuse basis functions lessens the
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importance of BSSE. Typically, convergent quantum mechanical levels of theory without
BSSE corrections tend to approach the true dissociation energy from above, while the
opposite trend is seen with BSSE corrections. However, density functional theory, as it is
usually carried out in practice, is not a part of a series of convergent quantum mechanical
procedures. Thus it is important that the use of BSSE corrections be adressed with an eye to
pragmatic concerns. As will be seen bellow, the true dissociation energy of the closed shell
G-C system is reproduced without the use of BSSE corrections. Thus we choose not to apply
BSSE corrections to the G-C radical dissociation energies.

A double-{ quality basis set, DZP++, with polarization and diffuse functions was used
throughout the optimization and vibrational frequency computations *'**. This DZP++ set
was constructed by augmenting the Huzinaga-Dunning set of contracted double zeta
Gaussian functions with one set of p polarization functions on the H atoms and also one set
of five d polarization functions on each of the C, N and O atoms. An even-tempered s
diffuse function was added to each H atom and one s and one set of p type even- tempered
diffuse function was added to the each of the heavy atoms. The orbital exponents for even

tempering were determined using the directive of Lee and Schaefer *':

l o «

— 1 2

adijﬁue - _( + )al
2 a, a

where, a;, o, and o3 are the three smallest Gaussian orbital exponents of the s or p-type
primitive functions for an atom (03> 0> o). Therefore the final DZP++ basis set includes six
functions per H atom (5s1p/3s/1p) and 19 functions per C, N or O atom (10s6p1d/5s3p/1d)
giving a total of 421 basis functions for the GC base pair and 415 basis functions for the GC

radicals.
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Previous research has demonstrated that this level of theory is reliable for molecules
for which higher level ab initio calculations are still too expensive, despite the improving
speeds of computers **.  All our computations were done using the Q-Chem 2.1 suite of
density functional programs *°. Stationary points were obtained via analytic gradient

methods.

34  RESULTS

The crystallographic data ®* available for the base pairs within DNA were compared
with results predicted here (Table 3.1). However the structures of the possible radicals that
can be generated from primary radiation damage, have never been explored experimentally.
Although the radical cations and other lesions have been investigated using density
functional levels of theory %°, neutral radicals have not previously been investigated.

Scheme 3.1.  Above: guanine-cytosine base pair.

Guanine

Cytosine
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GUANINE-CYTOSINE

In the Watson-Crick model, the DNA double helices are formed from the coiling of
two strands of purine and pyrimidine bases. Guanine pairs with cytosine, and adenine pairs
with thymine in DNA. Interstrand hydrogen bonds are responsible for this pairing. The
interatomic distances obtained in this work at C; symmetry using the B3LYP/DZP++ level of
theory do not compare well with the crystallographic conclusions * *. We do find agreement
with the theoretical structures reported by Guerra and Richardson > . All previous G-C
computations have been in poor agreement with the experimental crystal structure. Guerra
and coworkers ° have discussed possible reasons for the discrepancies. Hydrogen bonding
distances in the base pair obtained from various techniques are tabulated in Table 1 > &7 4"
¥ Figure 1 shows the optimized geometry of the guanine-cytosine base pair with the
B3LYP/DZP++ method. All the density functional methods predict the hydrogen bonding
distance between oxygen of guanine (06) and nitrogen of cytosine (N4) to be 2.73-2.79 A.
However, the experimental X-ray crystallographic measurements by Rosenberg et al. © report
this distance to be 2.91 A. The theoretically obtained distance, between the nitrogen of
guanine (N1) and the nitrogen of cytosine (N3), lies close to the experimentally reported
value of 2.95 A. Finally, the B3LYP distance (2.91 A) between nitrogen of guanine (N2) and
the oxygen of cytosine (O2) is larger than the experimental value of 2.86 A. This apparent
lack of agreement between theory and experiment for the hydrogen bond lengths has been
analysed by Guerra et al. °. They conclude that the gas-phase geometry of G-C is inherently
different from the observed crystal structure. The dissociation energies of the guanine-

cytosine base pair and the radicals under consideration are reported in Table 3.4.
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The dissociation energies of G-C, (G-H)--C, and G-(C-H)- are reported in Table 3.4.
Our predicted G-C dissociation energy D.(G-C) = 27.2 kcal/mol is the same as that of
Richardson *’. The only experimental dissociation energy is the 1979 value Do(G-C) = 21.0
kcal/mol, of Yanson, Tiplitsky, and Sukhodub *'. The reliability of this experiment is in
doubt. The most satisfactory value of D¢(G-C) is that provided by Sponer, Leszczynski, and
Hobza *. These authors estimate the Hrtree-Fock limit to be 24.6 kcal/mol, the basis set limit
for MP2 to be 25.8 kcal/mol and the final estimated D, to be 26.3 kcal/mol. In the most
recent paper on this subject, Sponer, Jurecka, and Hobza ** conclude that the true value of
D¢(G-C) may be slightly higher. The agreement with the present DFT prediction of 27.2
kcal/mol is sufficiently encouraging to repose a degree of confidence in our radical
dissociation energies, for no previous results exist.

Table 3.1. Table of bond lengths for the neutral guanine-cytosine base pair in A.

06-N4  NI-N3 = N2-02

Experiment — Crystal Structure”  2.91 2.95 2.86
HF/6-31G*° 2.93 3.05 3.01
HF/cc-pVTZ¢ 2.83 2.95 2.92
B3LYP/6-31G**¢ 2.79 2.93 2.92
BP86/TZ2P° 2.73 2.88 2.87
BHLYP/DZP++" 2.78 2.93 2.91
B3LYP/DZP-++" "o 2.76 2.92 2.91
a. Rosenberg, Seeman, Day, and Rich 6,

b. Gould and Kollman **.

c¢. Brameld, Dasgupta, and Goddard *.

d. Bertran, Oliva, Rodriguez-Santiago, and Sodupe *'.

e. Guerra, Bickelhaupt, Snijders, and Baerends °.

f.  Richardson, Weslowski, and Schaefer %’

RADICALS
G(N1)-C — A generic label is used for each of the radicals investigated in this work.

Radical G(N1)-C is generated by homolytically breaking the N1-H bond of guanine. GC
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atoms are most conveniently labeled in Scheme 3.2. The energy of each base-pair radical is
first obtained without any change in the closed-shell neutral equilibrium geometry. However,
upon optimization the energy relaxes by 20.7 kcal/mol and the hydrogen bonding pattern
drastically changes to give the structure shown in Figure 3.2. The entire backbone shifts by
approximately 2.3 A. Nevertheless, the hydrogen bond lengths do not change much due to
optimization to the planar new structure with C; symmetry. This new radical structure is a
true minimum in which two NH-N hydrogen bonds are favored over the two NH--O
hydrogen bonds that occur for G-C. This major structural change is found despite the fact
that O---H hydrogen bonds appear to be stronger than N--*H hydrogen bonds. This surprising

result may be due to extended conjugation of the rings.

Table 2. Total energies of the radicals at the B3LYP/DZP++ level of theory.

Absolute Energies (in hartrees) | Relative Energies (in kcal/mol)
Radical Frozen Optimized Energy Energies of
adicais Geometry Geometry Relaxation upon | Optimized
Structural Geometries of
Optimization of | the Radicals
the Radicals.
G(N9)-C -937.04675 -937.06740 12.95 0.00
G(N2b)-C -937.04099 -937.05049 5.96 10.61
G(N1)-C -937.01575 -937.04878 20.73 11.68
G-C(N1) -937.03822 -937.04656 5.23 13.08
G(N2a)-C -937.03066 -937.04331 7.94 15.49
G-C(N4b) -937.02644 -937.03130 3.05 22.65
G-C(Co6) -937.02789 -937.03041 1.58 23.21
G(C8)-C -937.02414 -937.02625 1.32 25.82
G-C(C5) -937.02251 -937.02464 1.34 26.83
G-C(N4a) -937.00219 -937.01560 8.41 32.15
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Both the N-C bonds adjacent to the radical center are shortened due to the radical formation.
The resulting radical minimum is predicted to lie 11.7 kcal/mol above the lowest energy
radical G(N9)-C (Figure 3.6), produced by the hemolytic cleavage of the N9-H bond. The
structure G(N1)-C is energetically the third most favorable radical found in this study, as
reported in Table 3.2. An energy of 20.0 kcal/mol (Table 3.4) is necessary to dissociate the
G(N1)-C radical into the G(N1) radical plus the cytosine molecule. The presence of two
hydrogen bonds instead of three makes it easier to dissociate the guanine radical and cytosine
fragments, compared to the energy (27.2 kcal/mol) required to dissociate the neutral guanine-
cytosine base pair.

G(N2a)-C— This radical, shown in Figure 3, is generated from G-C by removing one
of the hydrogen atoms bound to atom N2 of guanine. Removing the hydrogen from this
nitrogen results in the loss of a hydrogen bond. The resulting radical relaxes by about 7.9
kcal/mol when optimized at the B3LYP/DZP++ level of theory. The resulting minimum
(Figure 3) is predicted to lie 15.5 kcal/mol above the lowest energy G(N9)-C (Figure 3.5)
radical at the same level of theory (see Table 3.2). The geometrical perturbations seen in
Figure 3 are large compared to G-C because the three hydrogen bonds keep the backbone
together in a plane. Once the H2a-O2 hydrogen bond is gone, the planarity is lost. The out-
of-plane angle is about 38 degrees, as seen in Figure 3a. An out-of-plane angle so large will
put significant strain on the closely stacked base pairs. The other two hydrogen bonds are
slightly elongated (by 0.109 and 0.045 A, respectively) compared to G-C. The dissociation
energy of structure G(N2a)-C is reported in Table 3.4. The G(N2a)-C radical lies only 11.7

kcal/mol below the isolated G(N2a) radical plus cytosine molecule combined. A dissociation
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energy this small is indicative of the high strain, resulting from the 38 degrees bond angle
opening in this radical, in addition to the loss of the third hydrogen bond.

G(N2b)-C— Removing the guanine N2 hydrogen atom not used for making a
hydrogen bond with cytosine gives the G(N2b)-C radical. Since this hydrogen atom is not
involved in hydrogen bonding, removing it has little effect on the structure of the base pair.
The hydrogen bond lengths are not expected to change in a major way. However, as depicted
in Figure 3.4, all three hydrogen bonds are lengthened (compared to closed shell G-C) due to
the radical generation. The energy change is only 6.0 kcal/mol upon optimization (relative to
the closed shell G-C structure), and the optimized radical is only 10.6 kcal/mol higher in
energy than the lowest energy radical, namely G(N9)-C. The binding energy (see Table 3.4)
of the G(N2b)-C radical is -21.2 kcal/mol, which means that 21.2 kcal/mol energy is needed
to dissociate the G(N2b)-C radical into the G(N2b) radical plus cytosine.

G(N9)-C — The lowest energy radical in this series is the radical generated
by the abstraction of a hydrogen from atom N9 of guanine. The resulting G-C radical relaxes
by 13.0 kcal/mol under geometry optimization and goes to a structure which is 10.6 kcal/mol
lower in energy than the next higher energy radical G(N2b)-C. Table 3.3 reports the absolute
and relative energies of the radicals. Radical G(N9)-C is generated from a position that is
used for the sugar phosphate linkage in the single strand formation. Structural perturbations
(relative to closed shell G-C) are modest in this case, as shown in Figure 3.5. Two of the
three hydrogen bonds are shortened (by 0.033 and 0.066 A, respectively, compared to G-C)
in this case despite being away from the radical center. In both of these cases the N-H sigma

bond distances (not the hydrogen bonds) responsible for hydrogen bonding lengthen,
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although the elongation is not significant enough for a hydrogen shift towards cytosine. The

dissociation energy (30.0 kcal/mol) of G(N9)-C is reported in Table 3.4.

Table 3.3. Table of hydrogen bond lengths (in A) of the G-C radicals. Distances are
reported both for the frozen geometry of the neutral G-C base pair (Figure 1) and for

the optimized G-C radical geometries (Figure 3.2-3.11).

Geometry Frozen (in A) Geometry Optimized (in A)
Radicals Bonds Bond Lengths | Bonds Bond Lengths
G-C O---HN 1.717
NH---N 1.883
NH---O 1.886
G(N1)-C O---HN 1.717 N---HN 1.883
NH---N 1.865
NH---O 1.886
G(N2a)-C O---HN 1.717 O---HN 1.826
NH---N 1.883 NH---N 1.928
G(N2b)-C O---HN 1.717 O---HN 1.764
NH---N 1.883 NH---N 1.915
NH---O 1.886 NH---O 2.050
G(N9)-C O---HN 1.717 O---HN 1.780
NH---N 1.883 NH---N 1.850
NH---O 1.886 NH---O 1.819
G(C8)-C O---HN 1.717 O---HN 1.723
NH---N 1.883 NH---N 1.877
NH---O 1.886 NH---O 1.875
G-C(N4a)
NH---N 1.883 NH---N 1.829
NH---O 1.886 NH---O 1.817
G-C(N4b) O---HN 1.717 O---HN 1.867
NH---N 1.883 NH---N 1.947
NH---O 1.886 NH---O 1.935
G-C(C)) O---HN 1.717 O---HN 1.708
NH---N 1.883 NH---N 1.909
NH---O 1.886 NH---O 1.889
G-C(Co6) O---HN 1.717 O---HN 1.706
NH---N 1.883 NH---N 1.897
NH---O 1.886 NH---O 1.916
G-C(N1) O---HN 1.717 O---HN 1.724
NH---N 1.883 NH---N 1.836
NH---O 1.886 NH---O 1.817
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G(C8)-C— The radical (Figure 6) generated by breaking the C-H bond at the C8 position of
guanine is particularly important. The 8-oxo guanine molecule has been found to resemble
adenine and identified as a lesion generator . It is very important to investigate the
properties of the radical G(CS8)-C, as it may be an intermediate in the formation of 8-oxo
guanine. The radical generated this way lies 25.8 kcal/mol above the lowest energy radical
G(N9)-C. The structure relaxes by only 1.3 kcal/mol compared to the frozen G-C geometry;
when the geometry of the radical is optimized, it is confirmed to be true minimum. Figure 3.6
describes the structural features of the radical at the B3LYP/DZP++ level of theory. As seen
before, radical formation causes the hydrogen bonds to shorten, as is evident from Figure 3.6.
Bond length shortening is most significant for the O--HN bond, where it changes by 0.043 A.
The dissociation energy for the G(C8)-C radical into G(C8) radical plus cytosine is 27.8
kcal/mol, comparable to that of G-C base pair (27.2 kcal/mol).

G-C(N4a)— Removing hydrogen atom H4a from the NH; group of cytosine
results (Figure 3.7) in the elimination of a hydrogen bond. This brings about a change in the
geometry of the base pair along with loss of planarity. This minimum hinders the other
cytosine N4 hydrogen from collapsing to bridge the C=0 group of guanine and producing the
G-C(N4b) structure (Figure 3.8), which lies 9.5 kcal/mol lower in energy. It will be
interesting to know the activation barrier for the interconversion of the G-C(N4a) and G-
C(N4b) radicals. The G-C(N4a) radical is predicted to lie 32.2 kcal/mol above the lowest
energy G(N9)-C radical at the B3LYP/DZP++ level of theory. The G-C constrained
hydrogen abstracted radical releases 8.4 kcal/mol of energy as it is optimized to the G-
C(N4a) structure shown in Figure 3.7. The structural perturbations associated with this

relaxation are quite significant. Planarity is lost due to the absence of the hydrogen bond, and
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the guanine and cytosine fragments move away from each other by about 20 degrees. The

bond angle opens up (see Figure 3.7a), while the other two hydrogen bonds shorten in going

from the frozen hydrogen abstracted geometry to the optimized minimum. The geometry

change and the 8.4 kcal/mol energy relaxation are significant in this case, due to the close

stacking of base pairs in a double stranded DNA helix. The loss of one hydrogen bond also

helps to reduce the dissociation energy of this radical to 14.8 kcal/mol (Table 4). Puckering

of the radical geometry (see Figure 3.7a) facilitates the dissociation of the G-C(N4a) radical

into guanine plus the C(N4a) radical.

Table 3.4.

Energies of the isolated guanine and cytosine radicals and the G-C radicals;

dissociation energies of the optimized guanine-cytosine radicals.

Energies in hartrees

Energies in hartrees

Dissociation

Radicals | Energies in | [solated | Energies Isolated Energies Energies (D) of the
hartrees Guanine Cytosine Radicals in
Species Species kcal/mol.

G-C -937.71968 | G -542.66272 C -395.01372 27.2

27.2%,23.0°,

23.8%,26.3¢

21.0°

G(N9)-C | -937.06740 | G(N9)- | -542.00593 C -395.01372 30.0
G(N2b)-C | -937.05049 | G(N2b)- | -542.00306 | C -395.01372 21.1
G(N1)-C |-937.04878 | G(N1)- | -542.00325 C -395.01372 20.0
G-C(N1) |-937.04656 | G -542.66272 C(N1) -394.34180 26.4
G(N2a)-C | -937.04331 | G(N2a)- | -542.01088 C -395.01372 11.7
G-C(N4b) | -937.03130 | G -542.66272 C(N4b)- | -394.33784 19.3
G-C(C6) |-937.03041 | G -542.66272 C(Co6) -394.32708 25.5
G(C8)-C | -937.02625 | G(C8)- | -541.96817 C -395.01372 27.8
G-C(C5) |-937.02464 | G -542.66272 C(C5)- -394.32042 26.0
G-C(N4a) | -937.01560 | G -542.66272 C(N4a)- |-394.32926 14.8

o0 o

Richardson, Wesolowski, and Schaefer *’.
Colson, Besler, and Sevilla 28

Sponer, Leszczynski, and Hobza .
Sponer, Leszczynski, and Hobza *°.
Experiment - Yanson, Teplitski, and Sukhodub *'.
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G-C(N4b) — The second hydrogen attached to the cytosine NH, group is not
hydrogen bonded, so removing this atom does not change the structural features of the base
pair qualitatively. This G-C(N4b) radical when optimized releases only 3.1 kcal/mol of
energy and goes to a structure (Figure 3.8) which is 22.7 kcal/mol above the lowest energy
G(N9)-C radical at the B3LYP/DZP++ level of theory. All three hydrogen bonds elongate
compared to the G-C base pair, by 0.150, 0.064, and 0.049 A, respectively. The dissociation
energy of the G-C(N4b) radical is predicted to be 19.3 kcal/mol (Table 3.4).

G-C(C5)—Removal of the other (bonded to C5, C6, or N1) hydrogen atoms on the
cytosine does not alter the geometry of the base pair greatly, except for small changes in the
bond lengths due to resonance stabilization of the resulting radicals (e.g. G-C(N1)). Structure
G-C(C5) is predicted to lie 26.8 kcal/mol above the lowest energy G(N9)-C radical. The
energy relaxation with respect to the constrained G-C geometry is small (about 1.3 kcal/mol).
The geometry of the G-C(C5) radical is shown in Figure 3.9. The G-C(C5) radical requires
26.0 kcal/mol energy to dissociate into guanine plus the C(CS) radical.

G-C(C6)—Figure 3.10 shows the geometry of the optimized G-C(C6) radical. It is
generated by removing a hydrogen atom from atom C6 of cytosine. G-C(C6) lies 23.2
kcal/mol above the lowest energy G(N9)-C radical at the B3LYP/DZP++ level of theory.
There is no major change in the geometry relative to G-C, as expected from the position of
the radical. Radicals generated far from the hydrogen bonds have little effect on the G-C
dissociation energy. The dissociation energy predicted for this radical is 25.5 kcal/mol, rather
close to the analogous G-C prediction of 27.2 kcal/mol energy.

G-C(N1)—The last radical structure to be considered is G-C(N1), generated by

removing the hydrogen atom from N1 of cytosine. This radical is the lowest in energy among
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the radicals generated on cytosine in this series. The radical generated at atom N1 is stable
due to resonance delocalization of the radical electron. In addition, the radical electron is
qualitatively localized near an electronegative nitrogen atom. This radical is predicted to lie
only 13.1 kcal/mol above the lowest energy radical investigated, namely G(N9)-C. Figure
3.11 shows the equilibrium geometry of the G-C(N1) radical. The NH--N and NH--O
hydrogen bond lengths shorten somewhat (0.047 and 0.071 A, respectively) as well as the
N1-C6 bond (0.039A) adjacent to the radical center. Once again the dissociation energy of G-
C(N1) radical (-26.4 kcal/mol) is very close that for the guanine-cytosine base pair (27.2
kcal/mol), as reported in Table 3.4.

Hydrogen bond lengths for all the radicals considered in this work using the B3LYP
gradient corrected density functional in conjunction with the DZP++ basis set are reported in

Table 3.3.

3.5 BIOLOGICAL SIGNIFICANCE

Size complementarity in double stranded DNA ensures that the larger purines
(adenine and guanine), pair with thymine and cytosine, the smaller pyrimidines, respectively
3132 Hydrogen bonded base pairs of correct lengths form the rungs of the ladder that is
constrained by the uprights, made of the pentose sugar linked by phosphate groups. Size
complementarity is probably more important than the hydrogen bonds itself **2°. The
magnitude of structural perturbations predicted here for some of the radicals described above
indicates that they will inject significant amounts of strain into the ladder. Reorientation of

the backbone on the G(N1)-C radical is particularly important given that the radical

generated releases 21.2 kcal/mol of energy while collapsing (relative to G-C) to a stable
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minimum. Other geometrical rearrangements are also significant due to the strain added by
loss of planarity and puckering. Estimating the effects of this sort of geometry change in a

long DNA ladder will be very interesting.

3.6  CONCLUDING REMARKS

The theoretically obtained bond distances for the closed-shell neutral G-C agree quite
well with previous theoretical predictions. As is well known, the gas phase theoretical results
at times do not coincide with the experimental crystallographic data. For a number of radicals
studied in the present work the structural changes associated with hydrogen atom removal are
major. These include base orientation angle changes, reconfiguration of the base pair, and
elongation or shortening of the hydrogen bonds responsible for base pairing. The structural
perturbations are most profound in the radicals generated at the hydrogen bonding sites,
because these break the structural integrity of base pairing. Similarly, in fact, even more
profound structural changes can be expected in the adenine-thymine base pair, because it has
only two hydrogen bonds. Breaking one of these bonds may cause severe structural
disruption.

Lesions generated in the guanine-cytosine base pair will in turn cause strain in the
closely stacked base pairing sequence. This strain is most significant (20.7 kcal/mol) in the
G(N1)-C radical (Figure 3.2) where the entire base pairing sequence changes due to shift of
the guanine-cytosine backbone. In two other radicals (Figure 3.3 and Figure 3.7) the
geometry changes in a major way due to openings of the angles between the guanine and
cytosine backbones of between 20 and 31 degrees. This deformation pushes one end of the

radical (G(N2a)-C) almost 2.2 A away from the planar geometry. In the other case (G-
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C(N4a)) the radical nitrogen atom protrudes out of the plane by approximately 1.7 A. The
rungs of the DNA double helix are separated by 3.4 A from each other. So the radical
formation not only leads to deformation in one rung, it also can create considerable steric and
possibly electronic effects on the adjacent rungs of the DNA ladder, by coming too close to
them. The relaxation energies due to radical formation and the relative energies of the
radicals indicate the relative thermodynamic stabilities of the new optimized G-C radicals. It
is to be emphasized that the range of radical relaxation energies is wide, from 1.3 to 20.7
kcal/mol.

Hydrogen bond breakage due to radical formation also has an adverse effect on the
radicals due to their reduced dissociation energies. Such a small dissociation energy indicates
how easily a base pair radical can be separated into an isolated guanine or cytosine molecule
plus the corresponding radical. This dissociation across the hydrogen bonds hints at the
breakage of two complementary strands. In two of the radicals (G(N2a)-C and G-C(N4a))
where a radical is formed on a hydrogen bonding site the dissociation energies are as low as
11.7 and 14.8 kcal/mol, less than half of the dissociation energy of neutral G-C base pair.
This finding is further justified from the extent of deformation these two base pair radicals
undergo. Overall, lesions in the guanine-cytosine system may cause the base pair to undergo

fatal structural perturbations leading to possible strand break and loss of genetic information.
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3.9  FIGURES

1.010

Figure 3.1. Optimized geometry of the neutral guanine-cytosine base pair at the

B3LYP/DZP++ level of theory. All bond lengths are reported in angstroms.

64



Figure 3.2. Optimized geometry of the G(N1)-C radical at the B3LYP/DZP++ level of
theory. Note that relative to neutral G-C, the guanine H attached to the N1 has been removed;

see Scheme 2 for atom numbering. All bond lengths are reported in angstroms.
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Figure 3.3. Optimized structure of the G(N2a)-C radical at B3LYP/DZP++ level of theory.
All bond distances are reported in angstroms. Note that relative to neutral G-C base pair, the
guanine atom H», attached to N2 has been removed.

Figure 3.3a. G(N2a-C) radical from a different perspective, showing the opening angle

between the guanine and cytosine rings.
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Figure 3.4. Optimized structure of the G(N2b)-C radical at the B3LYP/DZP++ level of
theory. All bond distances are reported in angstroms. Note that relative to neutral G-C,

guanine atom Hj, attached to the N2 atom has been removed.
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Figure 3.5. Optimized geometry of the G(N9)-C radical at the BALYP/DZP++ level of
theory. All bond lengths are reported in angstroms. Note that relative to G-C, the guanine H

atom attached to N9 has been removed.
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Figure 3.6. Optimized geometry of the G(C8)-C radical at the B3LYP/DZP++ level of
theory. All bond lengths are reported in angstroms. Note that relative to neutral G-C, the

guanine H atom attached to C8 has been removed.
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Figure 3.7. Optimized geometry of the G-C(N4a) radical at the B3LYP/DZP++ level of
theory. All bond distances are reported in angstroms. Note that relative to G-C, the cytosine

H atom attached to N4 has been removed.
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Figure 3.7a. A different perspective on the G-C(N4a) radical. Angle opening between the

guanine and cytosine rings is about 31 degrees.
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Figure 3.8. Optimized geometry of the G-C(N4b) radical at the B3LYP/DZP++ level of
theory. All bond distances are reported in angstroms. Note that relative to G-C, the cytosine
H atom attached to N4 has been removed. This is a conformer of G-C(N4a) with three rather

than two hydrogen bonds.
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Figure 3.9. Optimized geometry of the G-C(C5) radical at the B3LYP/DZP++ level of
theory. All predicted bond distances are shown in angstroms. Note that relative to G-C base

pair, cytosine H atom attached to C5 has been removed.
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Figure 3.10. Optimized geometry of the G-C(C6) radical at the BALYP/DZP++ level of
theory. All bond distances are reported in angstroms. Note that relative to G-C, the cytosine

H atom attached to C6 has been removed.
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Figure 3.11. Optimized structure of the G-C(N1) radical at the B3SLYP/DZP++ level of
theory. All bond lengths are reported in angstroms. Note that relative to G-C, the cytosine H

atom attached to N1 has been removed.
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CHAPTER 4

LESIONS IN DNA SUBUNITS: THE NUCLEIC ACID BASES

Bera, Partha P., and Henry F. Schaefer III. 2006. Trends and Perspectives in Modern
Computational Science. Volume 6, 245-264. Reprinted by the permission of Brill Academic

Publishers.
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4.1  ABSTRACT

The nucleic acid bases adenine, thymine, uracil, guanine, and cytosine are among the
most important building blocks of life. Molecular modifications, or lesions, in the nucleic
acid bases (NABs) can give rise to profound physiological changes. The simplest such set of
lesions are considered in this research: radical anions, deprotonated NABs, hydrogen
abstracted radicals, hydrogen appended radicals, and hydride appended anions. A whole
range of isomeric structures is possible when hydrogen atoms are added to or subtracted from
the NABs. This research provides a foundation for the theoretical examination of base pairs,

nucleoside pairs, nucleotide pairs, and larger DNA subunits.

Keywords: DNA, lesion, lesions, NAB, nucleic acids, purine, pyrimidine, adenine, guanine,
cytosine, thymine, base pair, bases, strand breaks, radiation damage, electron affinities,

energies, hydrogen abstraction.

4.2  INTRODUCTION

The flow of genetic information is preserved by the basic building blocks of the
nucleic acids DNA and RNA. These macro-molecules contain and transfer the genetic
information and misinformation from generation to generation by means of chemical
reactions. The stacked and coiled natures of DNA and RNA facilitate charge transfer through
their backbones. The core constituents of double helical DNA and RNA are the purine and
pyrimidine bases. The information stored in these highly precise structural patterns is
enormous, and exceedingly dependent on the structural integrity of the sequence. Behind

these complex but discernible structural patterns are the basic forces of nature. These forces
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encompass atom-atom attractions, dispersion effects, hydrogen bonding considerations, and
the base pair and stacking interactions. The structural integrity is lost by the breaking of

bonds and by fragmentation processes. Understanding the underlying chemistry and basic

interactions is absolutely vital to science.

(BN = onay = (BN

=+
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D = o D
+H"

+H’

OUREE = o [BUATHY

Scheme 4.1. DNA damage reaction scheme.

The present paper is aimed at describing research done using ab initio quantum
chemistry, specifically density functional methods, on the bases and their fragments in
completely isolated environments.''® Investigating the different interactions contributes to
the chemical physics of elementary bio-molecules in the gas phase. The philosophy of our
research is that the deepest and most comprehensive understanding of biochemistry will
result from the study of: i) the isolated bases, base pairs and damaged fragments
(cumulatively — molecules); ii) isolated molecules in micro-solvated environments (e.g.,
discrete numbers of water molecules); and iii) molecules in the fully solvated environment.

In this paper we have summarized the understandings obtained from theory for the isolated
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bases and the fragments resulting from the abstraction and addition of hydrogen atom and
hydride ions to the purine and pyrimidine bases of DNA.

The reaction channels leading to the production of the radicals and anions discussed
in this work are represented in the cartoon above (Scheme 4.1).% In scheme 4.2 below we
show the conceptual reactions of adenine in a pictorial manner to explain the formation of

several adenine anions.>
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Scheme 4.2. The hydrogen addition and electron captures reactions of Guanine.
The causes of the production of radicals and anions in the DNA subunits, bases and base
pairs are manifold; chemical damage, direct radiation damage and indirect damage.'™"

Direct damage to bio-molecules like purines and pyrimidines are caused by radiation coming

from electromagnetic sources including the sun. Direct bond breaking and ionization of the
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inner and outer shell electrons are the immediate fallout of this direct radiation damage. The
fact that secondary electrons having energies as low as 3 eV, generated by ionizing radiation,
plays an important part in the mechanism of indirect radiation damage by electron attachment
(see Scheme 4.2) has been discussed at length recently and opened up new dimensions to the
exploration of DNA damage.'® Low energy electron capture and the understanding of
subsequent mechanisms for the formation of the fragmented molecules represent a growing
field of research'” "> due to the alleged role in the formation of cancer cells. Ionizing
radiation is one of most important causes of the primary and secondary damage to DNA.'""
Hydrogen ions and radicals produced by chemical reactions inside the cell also contribute to
the chemical damage done on the molecular level.'® 2’ Consequently the fragmentation
channels of DNA damage starting from the molecular level have been the focus of intense
investigation in recent years, both experimentally and theoretically.** 2 **2° A variety of
damage occurring to nucleic acids including oxidation, reduction, abstraction and addition of
electrons, protons or hydrogen atoms are being studied, and pathways of fragment (lesion)

20, 34-50

formation are being explored by many researchers. There is ample experimental

evidence pointing toward the formation of the radicals and anions due to irradiation of the
baseg 20 27- 35,37, 50-53

From an experimental point of view the group including Abdul-Carime has done
extensive explorations of dissociative electron attachment (DEA) to the bases and base

. 16,22, 54, 55
pairs. > 7"

Their research has pointed out various dissociation channels including N-H
and C-H bond breaking, following electron capture by the bases. The work of the research

13 13, 56, 57 35, 50, 58 16, 22, 24, 52
groups of Collins, ” Sanche, > > Close,”™ & and Illenberger > “= " have

experimentally explored fragmentation channels, by creating and identifying the
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intermediates of radiation damage. Other researchers have experimentally established the
energetic requirements for lesion formation in DNA subunits and subsequently for single and
double strand breaks. ''"'*3"- 3867

To contribute to the physical understanding of mechanisms of DNA damage, the
theoretical community has also extensively studied the possible intermediates in the
fragmentation channels. Theoretical studies of the nucleic acids and the fragments generated
from them provide valuable insights into the energetic (e.g., ionization potentials, electron
affinities, dissociation energies, gas phase acidities, etc.) and structural (e.g,. dihedral angles
and interatomic distances) properties of them. The research efforts of our group,' % &% 6% ¢

1143, 70-73 41 34, 46 51, 74, 75 6-79 . 58, 79-85
Sevilla,” 7" Wetmore,* Turecek,** * Chen,”" "™ 7 Hobza,*" and Lesczynski, > 7

among others, are particularly relevant in this respect.

43 AB INITIO AND DENSITY FUNCTIONAL METHODS FOR LARGE
MOLECULES

Studies of the physicochemical properties of bio-molecules have been attempted both
experimentally and theoretically over the years. The experiments done on these systems can
be difficult. Computational approaches towards predicting the fundamental properties are
thus becoming ever more popular. Traditionally, wave function based quantum mechanical
methods, especially ‘post Hartree-Fock’ correlated methods, have proved themselves to be
possible alternatives to good quality experimental results for small molecules. Although
modern computers are getting faster yearly and wave function based ab initio quantum
chemistry methods are able to solve diverse chemical problems, it is still not possible to

compute the physical properties of very large molecules by these methods on a regular basis.
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Density Functional Theory (DFT) methods prove to be very important in this context. DFT
methods attempt to strike a balance between the theoretical reliability and computational
requirements. One important aspect of both the correlated ab initio and DFT based methods
is that they involve at most a minimal number of adjustable parameters, unlike typical semi-
empirical and empirical procedures. At the same time DFT functionals give reliable
structural parameters and other chemical properties of concern.®® * Absolute and mean errors
of the theoretical parameters will be discussed in the appropriate sections below.

The DFT functionals used in the research discussed herein are well tested and broadly
proven to approach chemically relevant accuracy.”® The three density functionals discussed
here are the pure functional BLYP,*® *” the hybrid density functional B3LYP®" ® and the
pure DFT functional BP86.*% ¥ * Interested readers are directed to the detailed report by
Papas’ on the accuracy of the DFT functionals using different grids and various
computational packages. The double zeta plus polarization and diffuse function basis set,
DZP++"*"* suggested by Lee and Schaefer has proven to provide excellent geometries and
some energetic properties within a few kcal/mol of the experimental values, as discussed in
the review article of by Rienstra-Kiracofe et. al.®®
All the results shown here were carried out using the Gaussian 94 suite of density

functional programs.” Default integration grids were used for all energy and analytic

gradient evaluations.

44  NUMBERING SCHEME
Throughout this review we have followed the IUPAC recommended numbering scheme for

the all the bases as shown below.
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Figure 4.1 The numbering convention for nucleic acid bases.

The radicals, cations and anions arising from the above are represented using the
number of the particular atom (in parentheses) from which an electron of H atom is
abstracted or added. For example, the radical generated by the homolytic cleavage of the N9-
H bond of Guanine (Gua) is represented as G(N9-H)'. The closed shell anion created by
adding (pedagogically) an electron to N9 of the open shell radical G(N9-H)" is labeled G(NO9-
H)", and the cation qualitatively generated by removing an electron from the same radical is
represented as G(N9-H)".

All the important tautomers of the gas phase purine and pyrimidine bases are
considered with respect to the addition of a hydrogen atom or a proton. The amino-oxo
Watson-Crick and the amino-hydroxy tautomers of cytosine, and the subsequent hydrogen
added species are shown in Figure 2. The three tautomers of cytosine considered in this work

are named as follows;

83



Watson-Crick amino-oxo C

Amino-hydroxy-trans t-amino-hydC

Amino-hydroxy-cis c-amino-hydC

The other purine and pyrimidine bases are named in similar fashion to maintain uniformity

and simplicity.

4.5  RESULTS AND DISCUSSION

A.

density

STRUCTURAL
Important gas phase isolated structural parameters were predicted using the
functionals mentioned above.
BOND DISTANCES

The accuracy of predicted structural parameters from the density
functional methods used to study the bio-molecules is high. The average error
in the predicted bond lengths is on the order of hundredth of an angstrom. The
theoretical bond distances are often comparable to those from higher accuracy
MP2 or coupled cluster (CC) methods. All the structures discussed in this
review are fully optimized and represent true minima on the potential energy
hypersurfaces for the species of concern. The structures discussed here fall on
the ground electronic state potential energy surfaces of the particular
molecules, radicals or anions considered.

Figures 4.5 and 4.6 in the paper by Profeta® describe the bond angle
and bond distance differences between neutral thymine and the analogous

radical and/or anionic species. In the gas phase the bond lengths vary by as
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much as 0.04 angstroms for the radical T(N3-H) . Bond angle changes relative
to neutral thymine molecule are also profound for this radical. This radical is
the only one of all the thymine radicals that departs from the puckered neutral
(C, symmetry) radical to a planar anion geometry.

Hydrogen abstraction from the isolated guanine molecule creates more
structural deformations in the five-membered ring of the molecule than in its
six-member ring. This indicates the substantial amount of electron
delocalization in the five-member part of this purine. Nitrogen centered
radicals show greater stability compared to the carbon centered structures, as
explained by Luo.” The structural deformations in the lowest energy radical
G(N2-H2)" (6) and the lowest energy anion, G(N9-H)™ (9) are profound in the
vicinity of the lesion. The largest changes in bond distances occur for the N-C
bond and are more than 0.1 A. A detailed study of all the radicals and anions
is provided by Luo.

The purine base adenine shows similar trends to the guanine molecule.
Hydrogen abstraction from the exocyclic nitrogen leads to two rotational
isomers A(N6-H1)" and A(N6-H2)'. These two isomers are structurally very
similar, and are within one kcal/mol of each other, unlike guanine, where the
analogous energy separation is slightly higher. Electron addition to these
radicals requires considerable electron redistribution, and hence produces
significant change in the bond lengths. Comparison of the bond distances in
some of the radicals shows the C4-Ny and No-Cg bond distances to change by

almost 0.1 A. Some of the planar radicals depart from planarity when an
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electron is added to generate the anion. A detailed structural analysis is also
given in Table 1 in the paper of Evangelista.'

For cytosine also both radical formation and subsequent electron
addition lead to structural deformations. While the radicals and anions retain
their planar structures, hydrogen abstraction leads to a redistribution of
electrons and resultant bond length changes, in some cases, by more than a
tenth of an angstrom. Luo® discussed the detailed structural changes (see
Figure 4.3) due to radical formation from cytosine. The rigid cyclic structures
of the bases make the potential energy surface rather steep. The existence of a
small number of conformational isomers for these molecules enables the
separation of the radicals and anions by their geometrical positions.

Structural aspects of H', H', and H™ addition to the DNA bases are
addressed in the research by Zhang,” '° Evangelista,” and Ipek.”® For the sake
of simplicity we will restrict ourselves to the discussion of the species
originating from the hydrogen addition to the Watson-Crick tautomers. For a
more thorough discussion, interested readers are directed to the original
papers.

Hydrogen addition to the N7, Cg and C, positions leads to the most
stable guanine radical species, as explained by Zhang.” Hydrogen addition
inevitably comes at the expense of a double bond. The single and double

bonds in the vicinity shorten or elongate quite significantly.
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On going from the radical to the anion, again the extra electron causes
the bonds to lengthen so as to nullify the effect of radical formation. Figure
4.2 shows the effects of H', H" and H™ addition to the N7 nitrogen of the
isolated guanine molecule.

Figure 4.3. shows the neutral adenine molecule and the hydrogen
added adenine molecules. The lowest energy radical and anions are A(C8+H)’
and A(C8+H)". The breaking of the double bond due to the addition of a
hydrogen atom is clear from the elongation of the C-N bond. The other
radicals and anions show analogous bond lengthening whenever a double
bond is broken. The carbon atom to which the hydrogen atom is added
displays a tetrahedral geometry, and the amino group of the adenine goes out
of plane for some radicals and anions.

Hydrogen atom and hydride anion addition to the double bonds of the
cytosine molecule bring in geometrical changes by transforming the
appropriate double bond to a single bond distance and shrinking the adjacent
bonds. The lowest energy radical (shown in Figure 4) accepts an electron to
become an anion (equivalent to addition of a hydride anion to cytosine) with
subsequent changes in the bond lengths. Some of these radicals and anions
will still be able to associate with the guanine moiety in a G-C pair. A
hydrogen atom added to the C5 or C6 positions of cytosine will still be able to
pair up with guanine. Of course, the energetic ordering of these radicals
(C(C+H)'-G) will be different from the energetic orders of the isolated

C(C+H)’ radicals.""*?
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BOND ANGLES

The bond angles and the dihedral angles are important geometrical
parameters because they play a vital role in keeping the overall structural
features of DNA intact. Large and/or abrupt changes (Figures 3-6, reference
10) in the angles and dihedrals can cause a fatal disruption of the chain. For
example, the out of plane dihedral angles D(3,4,8, 8a) and D(3,4,8,8b) of the
cytosine radical 10 and anion 11 (see Figure 2 of reference 4) change by 12
and 18 degrees, respectively, due to acceptance of an extra electron. Changes

in bond angles and dihedral angles are common in other bases and radicals as

well.

Figure 4.4.
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B. ENRGETICS

The expected accuracies of the absolute and relative energies associated with
the different DFT functionals are discussed at length in the Chemical Reviews paper
of Rienstra-Kiracofe. In this section we will discuss fundamental physical properties
like the adiabatic electron affinities (AEA), vertical detachment energies (VDE), gas
phase acidities (GPA) and association/dissociation energies of the bases and the
radicals and anions treated by the various methods discussed in the introduction.

RELATIVE STABILTIES/ ENERGY ORDERING

The total energies of the isolated gas phase bases, radicals and anions
were computed using the above discussed levels of theory. In Table 4.6,
reported are the optimized total energies of the radicals and anions generated
by the abstraction of an exo-cyclic hydrogen from the isolated bases at the
B3LYP/DZP++ level of theory. The corresponding papers' * > report the total
and zero point vibrationally corrected energies of the radicals and anions at
other (BLYP and BP86) levels of theory.

All three functionals show the same energetic ordering of the radicals
and the anions. For adenine, the energetic trend reported in Table 6 shows that
the nitrogen centered radicals A(N9-H)', A(N6-H1)" and A(N6-H)" are close
in energy and more stable than the carbon centered radicals A(C1-H)  and
A(C2-H)". The energetically most favorable radical is A(N9-H)", created by
removing a H atom from the N9 position of the isolated adenine molecule.
The anions, like the radicals, prefer the nitrogen centers to the carbon centers

for the qualitative location of the extra electron. The three nitrogen centered
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anions are lower in energy than the carbon centered structures with the A(N9-
H)™ being the lowest of the group. In adenosine, the N9 position is attached to
the ribose by a carbon-nitrogen glycosidic bond; thus the formation of radical
A(N9-H)" or anion A(N9-H)™ would break the glycosidic bond. The carbon
centered radicals switch their energetic position in passing from the radical to
the anion. The corresponding anion A(C1-H)™ is much lower in energy than
the other carbon centered anion, namely A(C2-H)".

For the guanine molecule, five distinct radicals can be generated by
removing a hydrogen atom. It is to be remembered that three of these
hydrogen atoms are H-bonded to the cytosine molecule in the GC base pair.
Removing a hydrogen from the N2 position of guanine results in two
rotational isomers G(N2-H2)" and G(N2-H1)". These radicals can be formed
from the one-electron-oxidized guanine by reversible proton loss from the
external nitrogen (N2). The radical G(N1-H1)" is predicted to lie lowest in
energy of the guanine radicals generated by H abstraction, while the radical at
the N9 position is the second lowest in energy. Deprotonation at the N9
position produces the lowest energy anion. Due to the greater
electronegativity of nitrogen, the nitrogen centered radicals and anions are
lower in energy than the carbon centered structures. The carbon center radical
G(C8-H)" and the corresponding anion are separated from the nearest nitrogen
centered radicals and anions by 21 and 35 kcal/mol. The energy ordering, in
going from the radicals to anions, remains the same except for the two lowest

energy anions, which are switched (see Table 4.6). The other functionals
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predict same energy ordering for the radicals and anions as that predicted by
B3LYP/DZP++, as shown in Table 4.6.  Three nitrogen-centered and two
carbon centered anions are generated by removing the five exo-cyclic
hydrogens of the cytosine molecule. In Table 4.6 are given the energies of the
radicals and the anions produced by the abstraction of each such hydrogen at
the B3LYP/DZP++ level of theory. The other density functionals (BLYP and
BP86) predict the same energetic ordering of the radicals and the anions. The
ZPVE corrected energies are discussed in the paper of Luo.* The radicals
produced by hydrogen abstraction are close to each other in energy, within 15
kcal/mol. As seen for the isolated purines, the nitrogen centered radicals
C(NI-H)", C(N2-H1)’, and C(N8-H2)" are lower in energy than the carbon
centered structures C(C5-H)" and C(C6-H)" for the pyrimidine also. Addition
of an electron to the radicals does not alter the relative stabilities of the anions.
The lowest energy cytosine radicals and anions are created by abstracting a H
atom or a proton from N1 which is the sugar binding site in a cytidine residue.
The rotational isomers, created by removing the hydrogen or proton from the
amino group, are very close in energy to the lowest lying radical or anion.
This fact indicates that the radical generated at the C8 position is very likely to
be formed under suitable experimental conditions. The energetic ordering is
confirmed by other levels of theory, with minor differences in the energy

spacings.
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ELECTRON AFFINITIES

An electron affinity is best measured in a photodetachment experiment
by knocking out the most weakly bound electron of the anion and generating
the appropriate neutral species. The energy difference between the anion and
the neutral gives the electron affinity (EA).

B + e = B

Adiabatic Electron Affinities: Each adiabatic electron affinities (AEA) is
predicted from the energy difference between the neutral base or the hydrogen
abstracted/added base and the corresponding anion, both at their theoretical
equilibrium geometries. The anions are conceptually produced by adding an
electron to the bases and re-optimizing the geometries of the species. The
extra electron can go into a valence orbital or an anti-bonding orbital of the
neutral species. However, the anion orbitals obtained this way are fully
relaxed and hence are not identical to the corresponding orbitals of the neutral
species. The predicted adiabatic electron affinities (AEA) from the DFT
methods used here are typically within 0.15 eV of the experimental electron
affinities. The accuracy of the different DFT functionals for the prediction of
the electron affinities is described in detail in the review by Reinstra-
Kiracofe.%®

The adiabatic electron affinities of the neutral nucleobases show some
functional dependence, as discussed in the work of Wesolowski.** (see Table
5 reference 33). The predicted AEA of three of the pyrimidine bases by the

B3LYP, BLYP and BP86 are in good agreement with the available
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experimental values. The absolute values of the adiabatic electron affinities of
the pyrimidine bases cytosine, thymine and uracil are greater than those for
the purine bases. The final relative electron binding ability of the neutral
nucleobases are summarized as follows.
U>T>C~G>A

The purines have five hydrogen atoms that can be abstracted due to
reaction or interaction with radiation. In both purines, adenine and guanine,
the radical created at the N9 position has the largest adiabatic electron affinity.
The N9 position happens to be the site of the sugar-base connection. The
absolute values of these dehydrogenated radical electron affinities are much
higher than those of the neutral purines. The doublet radicals generated due to
the loss of hydrogen are ravenous for another electron. The qualitative
nitrogen sites are more favorable for the “last” electron than the carbon sites
due to the greater electronegativity of nitrogen. This nitrogen bias of the “last”
electron has been explained by Evangelista.' All the hydrogen abstracted
radicals of adenine and guanine have high adiabatic electron affinities (AEA),
as shown in Table 4.2.

Thymine has six and cytosine has five dissociable hydrogen atoms.
The radicals generated by hydrogen abstraction from cytosine and thymine are
discussed in the two work of Luo®’ and Profeta.’ The radicals generated from
either of the pyrimidines have high electron affinities (AEA), ranging from 1
eV to 3 eV. Like the purine radicals the cytosine radicals preferentially bind

an extra electron on the N1 position, which is the sugar binding site in a
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normal strand. However, radical T(N3-H)  possesses the largest electron
affinity of all the thymine radicals generated by hydrogen abstraction. The two
carbonyl groups next to the N3 position bring in considerable electron
delocalization to the anion, and lower its energy, yielding the largest AEA.

In this section we discuss the electron affinities of the species resulting
from the addition to the single bases of a hydrogen atom (see cartoon, Scheme
1). In gas phase experimental studies of bio-molecules, both the Watson-Crick
and non-Watson-Crick structures (tautomers) of the bases are important
species, as pointed out by Bowen and coworkers.”” All the species resulting
from the addition of a hydrogen atom to the unsaturated part of the Watson-
Crick amino-oxo and other tautomers of the purine and pyrimidine bases are
considered. The following equations set out the electron capture processes.

B + H-> (BtH) ; (BtH) + ¢ > (B+H)"

B + H -2 (B+H)”

The AEA values of the hydrogen-appended purine and pyrimidine
bases are summarized in Table 4.3. The results show the familiar trend; BP86
with the highest AEA among all three functionals followed by B3LYP and
BLYP. The electron affinities are much higher than those of the neutral bases
but smaller compared to the hydrogen abstracted bases. Hydrogen atom
addition to the double bonds was considered, leading to the formation of
radicals. Most of the radicals readily accept an electron, except the radicals
generated on the N1 nitrogen of adenine and cytosine. As a group, the AEAs

span a wide range, from 0.01 eV to 3.0 eV. Some of the predicted AEAs are
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too small to be able to absolutely establish their signs, because the predicted
values are smaller than the average errors of the methods employed. The
AEAs for the radicals produced by adding H atom to one of the carbon atoms
are higher than the AEA of the radicals produced by the addition of H to one
of the N atoms.

The pure functional BLYP shows the smallest energy differences
between the radical and the corresponding anion with a given basis set
(DZP++), and hence predicts the smallest electron affinities. Among the three
functionals used in these studies, BP86 predicts the highest electron affinities.
The values for the most commonly used hybrid Hartree-Fock/density
functional B3LYP method fall in between the pure (BLYP) and the hybrid
(BP86) functionals.

Vertical Detachment Energies (VDE): Each vertical detachment energy is
evaluated as the difference of energies between the anion and the neutral
species, both at the optimized anion geometry. In a typical photodetachment
experiment the vertical detachment energy of the anion is measured by
knocking out one electron from the valence shell of the anion to produce the
neutral species. The geometry may be assumed to be fixed in the short time
period following electron removal. The anion geometry being different from
that of the radical, the vertical dissociation energies are always upper bounds
to the adiabatic electron affinities. This may be visualized from the cartoon
(Figure 1; reference 68) presented in the review on the electron affinities of

small molecules by Rienstra-Kiracofe.
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From Tables 4.4 and 4.5 it may be seen that the VDEs of the anions
are larger by a tenth of an eV to one eV than the AEAs of the corresponding
radicals. In Table 4.5 are reported the VDEs of the radicals produced by the
addition of H to the bases. With all the bases being closed shell species,
hydrogen abstraction or addition and subsequent electron capture binds the
electrons strongly. This is manifested in the relatively high VDE predictions at
all levels of theory. The nitrogen centered anions are energetically more stable
than the carbon centered anions. Hence, all the N-deprotonated anions have
higher VDEs than the C-deprotonated structures (see Table 4.4). However,
hydrogen (H) addition to a carbon center leaves an unpaired electron on the
nitrogen (in the Lewis dot sense). So the anions for which the hydrogen is
added to the carbon are more stable and have higher VDE values than the
anions where the hydrogen atom is added to nitrogen.

Most of the anions, being valence bound, should be stable in the gas
phase. The stabilizing effects of electron addition to either hydrogen
abstracted or hydrogen added bases are manifested in their typically high

electron affinities.

4.6  CONCLUDING REMARKS
Results from several theoretical studies done on isolated gas phase purine and
pyrimidine bases using carefully calibrated electronic structure methods are presented here.

Three density functionals B3LYP, BLYP and BP86 were used in conjunction with the
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DZP++ basis set in all the computations. The results described above may be summarized as
follows.

1. All the nitrogen centered radicals possess greater adiabatic electron affinities than the
carbon centered radicals.

2. Both the dehydrogenated and hydrogenated radicals of the nucleic acid bases show
typically high electron affinities. This indicates that the formation of these radicals
will lead to electron transfer in or out of the bases, and eventually formation of the
either the proton transferred or hydride transferred species in the gas phase.

3. Distortions of the geometries of the bases may jeopardize the integrity of the base

pairing.
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4.8 TABLES

Table 4.1. Adiabatic Electron Affinities (AEA in eV) of the Four Neutral DNA Bases.

Level of theory Adenine Guanine Thymine Cytosine
B3LYP -0.28 -0.10 0.20 0.03

BLYP -0.19 -0.01 0.12 -0.01

BP86 -0.05 0.11 0.28 0.13
Experiment * -0.045 -0.055
Experiment b 0.95+0.05 1.51+0.05 0.79+0.05 0.56+0.05
Experiment ° 0.120+0.120  0.130+0.120

% Gas phase data™
® Scaled reduction potential data.”

¢ Extrapolated AEAs from the photoelectron spectra of neucleobase-(H,0), clusters.”!
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Table 4.2. Adiabatic Electron Affinities (in eV) of the H-Abstracted Radicals of the DNA

Bases.

Structure B3LYP BLYP BP&6

Adenine -0.28 -0.19  -0.05
A(N9-H)" 3.26 3.05 3.28

A(N6- 255 243 265
H1Y
A(N6- 258 246  2.68
H2)

A(C2-H) 090 087  0.98
ANNI-H) 238 227 242

Thymine 020  0.12 0.8
T(NI-H)Y 322 318 3.6
T(N3-H)' 3.74 334  3.53
T(C6-H) 2.60 241  2.56

T(C7- 1.04 104 122
H2)
T(C7- 1.04 104 122
H2)
T(C7- 1.04 104 122
H3)

Guanine -0.10 -0.01 0.11
G(N1-H)" 2.95 2.75 2.95

GN2- 275 257 277
H1)
GN2- 277 258 279
H2)

G(N9-H) 2.99  2.80 3.0l
G(C8-H) 2.18 210 2.4

Cytosine -0.01 0.03 0.13
C(N1-H)" 3.00 2.84 3.05

C(N8- 297 283  3.03
HI)
C(N8- 294 281 3.2
H2)'

C(C5-H)Y 222 205 222
C(C6-H) 241 217 232
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Table 4.3. Adiabatic Electron Affinities (AEA in eV) of the Base plus H Radicals.

Structure B3LYP Structure B3LYP
Adenine -0.28 Guanine -0.10
A(C8+H) 1.22 G(N7+H) 0.01
A(C2+H) 1.38 G(C8+H) 0.12
AN7+H) 0.27 G(C6+H) 0.58
AN1+H) -0.05 G(N3+H) 0.65
A(N3+H) 0.02 G(C5+H) 0.84
A(C5+H) 0.68 G(C4+H) 1.48
A(C6+H) 1.99 G(C6+H) 2.10
A(C4+H) 1.57 G(C2+H) 2.24
G(N2+H) 3.00
Thymine 0.20 Cytosine -0.01
diketo-T(C6+H)’ 0.43 amino- 0.13
0x0C(N3+H)
2-keto-T(N3+H)"  0.30 amino- 1.97
oxoC(C6+H)
2-keto-T(C6+H) 2.25 amino- 0.62
oxoC(C5+H)
2-keto-T(C2+H) -0.28 amino- 2.59
ox0C(C4+H)
4-keto-T(C6+H)’ 1.65 amino- 2.34
oxoC(C2+H)
Dienol-T(C6+H)"  0.95 amino- 2.38
oxoC(C2+H)
diketo-T(C2+H)’ 1.01 t-amino- -0.20
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4keto-T(C4+H)

diketo-T(C4+H)’
Dienol-T(N3+H)
4keto-T(N1+H)

Dienol-T(C4+H)

0.53

2.5

0.13

0.74

2.06

hydC(N3+H)
t-amino-
hydC(C6+H)

t-amino-
hydC(C5+H)
t-amino-
hydC(C4+H)
t-amino-
hydC(C2+H)
t-amino-
hydC(C2+H)
c-amino-
hydC(N1+H)
c-amino-
hydC(C6+H)
c-amino-
hydC(C5+H)
c-amino-
hydC(C4+H)
c-amino-
hydC(C2+H)
c-amino-
hydC(C2+H)

1.63

0.44

2.24

2.10

2.04

-0.16

1.67

0.45

2.22

2.09

2.05
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Table 4.4.

Vertical Detachment Energies (VDE in eV) of Deprotonated DNA Bases.

Structure B3LYP BLYP BP86 Structure B3LYP BLYP BP86
Adenine Guanine

A(N9-H) 3.61 3.35 3.58 G(NI1-H) 3.17 2.94 3.15
A(N6-H1)" 2.64 2.50 2.72 G(N2-H1)" 2.86 2.66 2.87
A(N6-H2)" 2.67 2.53 2.75 G(N2-H2)" 2.87 2.66 2.87
A(C2-H) 1.73 1.66 1.78 G(N9-H) 3.34 3.13 3.33
A(C1-H) 2.89 2.73 2.90 G(C8-H) 2.68 2.55 2.71
Thymine Cytosine

T(N1-H) 3.17 3.17 3.38 C(NI-H) 3.12 2.96 3.17
T(N3-H)’ 4.59 4.59 4.23 C(N8-H1)" 3.17 2.97 3.18
T(C6-H)" 2.87 2.87 3.03 C(N8-H2)" 3.14 2.96 3.17
T(C7-H2) 1.16 1.18 1.34 C(C5-H) 2.67 2.45 2.64
T(C7-H2) 1.16 1.18 1.34 C(C6-H)’ 2.94 2.60 2.77
T(C7-H3) 1.16 1.18 1.34
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Table 4.5. Vertical Detachment Energies (VDE in eV) of Hydride (H 7) Appended DNA

Bases.
Structure B3LYP Structure B3LYP
Adenine Guanine
A(C8+H)~ 1.44 G(N7+H)~ 1.06
A(C2+H)~ 1.76 G(C8+H)~ 1.21
AN7+H)" 1.21 G(Co6+H)~ 1.20
A(NI+H)" 0.53 G(N3+H)~ 1.25
A(N3+H)" 0.75 G(C5+H)~ 1.23
A(C5+H)~ 0.90 G(C4+H)~ 1.83
A(C6+H)~ 2.14 G(Co6+H)~ 2.72
A(C4+H)~ 1.88 G(C2+H)~ 2.30
G(N2+H)” 3.18
Thymine Cytosine
diketo-T(C6+H)™ 4.48 amino-oxoC(N3-+H)~ 0.75
2-keto-T(N3+H)™ 5.03 amino-oxoC(C6+H)~ 2.30
2-keto-T(C6+H)™ 5.13 amino-oxoC(C5+H)~ 1.37
2-keto-T(C2+H)~ 0.21 amino-oxoC(C4+H)~ 2.94
4-keto-T(C6+H)™ 3.65 amino-oxoC(C2+H)~ 2.82
Dienol- 1.31 amino-oxoC(C2+H)~ 2.86
T(C6+H)"
diketo-T(C2+H)~ 0.52 t-amino-hydC(N3+H)™  0.81
4keto-T(C4+H)~ 4.47 t-amino-hydC(C6+H)~  1.90
diketo-T(C4+H)™ 4.56 t-amino-hydC(C5+H)~  0.88
Dienol- -0.29 t-amino-hydC(C4+H)~™ 2.43
T(N3+H)"
4keto-T(N1+H)™  2.67 t-amino-hydC(C2+H)~ 2.39
Dienol- 3.16 t-amino-hydC(C2+H)~  2.38
T(C4+H)~
c-amino-hydC(N1+H)™ 1.06
c-amino-hydC(C6+H)™ 1.93
c-amino-hydC(C5+H)™ 0.90
c-amino-hydC(C4+H)™ 2.43
c-amino-hydC(C2+H)™ 2.38
c-amino-hydC(C2+H)™ 2.36
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Table 4.6.

Total Energies of the Hydrogen Abstracted Radicals and the Corresponding

Anions Derived from the Bases at B3LYP/DZP++.

Radicals B3LYP Anion B3LYP Radical B3LYP Anion B3LYP
Adenine Guanine

A(N9-H)"  -466.73827 A(NO9-H)"  -466.85796 | G(N2-H2)" -542.01025 G(N9-H)"  -542.11524
A(N6-H1)" -466.73409 A(N6-H1)" -466.82778 | G(IN9-H)"  -542.00549 G(N2-H2)" -542.11205
A(N6-H2)" -466.73238 A(N6-H2)" -466.82706 | G(N1-H)"  -542.00277 G(N1-H)"  -542.11110
A(C2-H)y -466.72310 A(NI-H)"  -466.79846 | G(N2-H1)" -542.00240 G(N2-HI1)" -542.10335
A(C1-Hy -466.71107  A(C2-H) -466.75625 | G(C8-H) -541.96769 G(C8-H)’ -542.04776
Thymine Cytosine

T(N1-H) -453.56938 T(N1-H)”  -453.58310 | C(N1-H) -394.34116 C(NI1-H)Y -394.45144
T(N3-H) -453.53045 T(N3-H)"  -453.56432 | C(N8-H1)" -394.33742 C(N8-H1)" -394.44652
T(C6-H) -453.54340 T(C6-H)" -453.54539 | C(N8-H2)" -394.32879 C(N8-H2)" -394.43700
T(C7-H1)" -453.58282 T(C7-H1)" -453.58704 | C(C5-H)’ -394.32658 C(C5-H) -394.41507
T(C7-H2)" -453.58281 T(C7-H2)" -453.58704 | C(C6-H)’ -394.31997 C(C6-H) -394.40154
T(C7-H3)" -453.58282 T(C7-H3)" -453.58704
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Table 4.7. Total Energies (in Hartrees) of the Radicals and Anions Generated from the

Addition of H to Nucleic Acid Bases. The Abbreviation C(N3+H) Represents Amino-

0x0C(N3+H) in the Watson-Crick Form.

Radicals B3LYP Anion B3LYP Radical B3LYP Anion B3LYP

Adenine Guanine

A(C8+H) -467.96688 A(C8+H)" -468.01164 | G(N7+H) -543.20691 G(N7+H)" -543.20667

A(C2+H)"  -467.95358 A(C6+H)"  -468.00651 | G(C8+H) -543.22268 G(C8+H)~ -543.25349

AN7+H)" -467.94586 A(N7+H)" -468.00443 | G(C6+H) -543.19648 G(C6+H)~ -543.20080

ANNI+H)" -467.94337 ANI+H)" -467.99039 | G(N3+H)’ -543.19012 G(N3+H)™ -543.21153

AN3+H)" -467.94217 A(N3+H)" -467.96428 | G(C5+H) -543.19773  G(C5+H)~ -543.22176

A(C5+H)"  -467.93942 A(C5+H)” -467.95589 | G(C4+H) -543.20105 G(C4+H)~ -543.25546

A(C6+tH)"  -467.93346 A(C6+H)"  -467.94281 | G(C6+H) -543.17382 G(C6+H)~ -543.25617

A(C4+H) -467.93269 A(C4+H)" -467.94162 | G(C2+H) -543.20930 G(C2+H)” -543.28633
G(N2+H) -543.15876  G(N2+H)™ -543.26919

Thymine Cytosine

diketo- -454.66484  Diketo- -454.68073 | C(N3+H)’ -395.57852 C(N3+H)~ -395.58319

T(C6+H) T(C6+H)~

2-keto- -454.51485  2-keto- -454.52591 | C(C6+H) -359.56521 C(C6+H)™ -395.63759

T(N3+H)" T(N3+H)"

2-keto- -454.64683  2-keto- -454.72159 | C(C5+H) -395. C(C5+H)” -395.59120

T(C6+H) T(C6+H)™ 56846

2-keto- -454.63703  2-keto- -454.62667 | C(C4+H) -395.53060 C(C4+H)" -395.62566

T(C2+H) T(C2+H)~
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4-keto-

T(C6+H)’

Dienol-

T(C6+H)’

diketo-

T(C2+H)’

4keto-

T(C4+H)’

diketo-

T(C4+H)’

Dienol-

T(N3+H)'

4keto-

TN1+H)

Dienol-

T(C4+H)’

-454.63667

-454.63612

-454.63035

-454.62991

-454.49337

-454.62837

-454.62791

-454.60033

4-keto-
T(C6+H)™
Dienol-
T(C6+H)™
Diketo-

T(C2+H)’

4keto-

T(C4+H)

Diketo-

T(C4+H)

Dienol-

T(N3+H)

4dketo-

T(N1+H)

Dienol-

T(C4+H)

-454.69760

-454.67101

-454.67057

-454.64930

-454.58714

-454.63305

-454.65512

-454.67641

C(C2+H)’

C(C2+H")

t-amino-

hydC(N3+H)

t-amino-

hydC(C6+H)

t-amino-

hydC(C5+H)

t-amino-

hydC(C4-+H)

t-amino-

hydC(C2+H)

t-amino-

hydC(C2+H)

c-amino-

hydC(N1+H)
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-395.51002

-395.50838

-395.55850

-395.55521

-395.56303

-395.53634

-395.53707

-395.53642

-395.56029

C(C2+H)

C(C2+H)

t-amino-
hydC(N3+H)
t-amino-
hydC(C6+H)
t-amino-
hydC(C5+H)
t-amino-
hydC(C4+H)
t-amino-
hydC(C2+H)
t-amino-
hydC(C2+H)
c-amino-

hydC(N1+H)

-395.59608

-395.59588

-395.55116

-395.61517

-395.57938

-395.61862

-395.61355

-395.61316

-395.55441



c-amino-

hydC(C6+H)

c-amino-

hydC(C5+H)

c-amino-

hydC(C4-+H)

c-amino-

hydC(C2+H)

c-amino-

hydC(C2+H)

-395.55350

-395.56162

-395.53709

-395.53694

-395.53646

c-amino-
hydC(C6+H)
c-amino-
hydC(C5+H)
c-amino-
hydC(C4+H)
c-amino-
hydC(C2+H)
c-amino-

hydC(C2+H)

-395.61475

-395.57821

-395.61865

-395.61323

-395.61231
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5.1  ABSTRACT

Applications of an automated stochastic search procedure for locating all possible
minima with a given composition are illustrated by the pentatomic molecules BCNOS, CAISiPS,
C4B(-), C4Al(-), and CBe4(2—-), as well as by C¢Be, the C¢Be(2—) dianion, and C¢H,. All
previously identified minima were reproduced, and many new structures, often with non-

intuitive geometries, were found.

52  INTRODUCTION

After more than two centuries, chemists are still not able to predict the structures of all
isomers with a given composition logically, thoroughly, and reliably. This is not surprising. As
the number of atoms comprising a molecule increases, the possible connectivities scale
factorially! Hundreds, thousands, and then many more minima become conceivable. Experience,
knowledge, and chemical intuition may offer suggestions, but the task of enumerating and
establishing the relative stability of all possible structures rapidly becomes ill-suited and
unfeasible for humans. Most chemists hesitate even to venture a guess as to what the most stable
isomer of a compound with an unfamiliar composition might be.

Such problems can be daunting even for small molecules, especially when all atoms are
different. Such species are seldom considered. Even small clusters with more than two elements
are rare. Sun et al."* employed manual exploration techniques to find stable isomers of intriguing
interstellar molecule candidates, such as SiCoN, SiC,P, SiCsN, SiCs;P, and NCsS. Each search
began by choosing five or six possible connectivities for each molecule. Chemical intuition was
used to guess all possible isomers with each of these connectivities. The task of evaluating all of

them must have been very tedious and time consuming.
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Predicting the lowest energy structure of a hypothetical pentatomic molecule, composed
of five different, but familiar atoms, e.g., B, C, N, O, S, would be an order of magnitude more
complex! A thorough listing of all the possible connectivities must include those illustrated in
Figure 5.1, along with all the associated permutations of the various atoms. Their geometric and
conformational isomers may also be minima. The challenge of finding all the isomers of this and

other examples is addressed in the present paper.

a(60)  b(60) c(60) d(60) e (10) £(15)

A A X A M X

g (20) h(10)  i(30)  j(60)  k(30) 1(30)

m (12) n (60) 0 (60)
Figure 5.1. Connectivities of pentatomic molecules; the conformations also may vary. The
number of possible permutations when all five atoms are different, as in BCONS and CAISiPS,

are given in parentheses.

While conceivable, the manual exploration of each of the many hundred structural possibilities
for BCNOS suggested by Figure 5.1 using quantum chemistry methods is an uninviting task,
uncertain in its outcome. The rigorous manual solution of the next largest six unique atom

puzzle, e.g., BCNOPS, surely would be precluded by the enormous labor required.
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There have been many efforts to deal with problems of similar complexity using automated
procedures, but generally with the objective of finding the global minimum. In 2004, Zhao and
Xie reviewed comprehensively the genetic algorithm—based methods employed to determine the
most stable geometry of clusters.’” R. Car and M. Parrinello’s well-known “dynamic simulated
annealing” combines molecular dynamics and density functional theory.® Searches employing
“simulated annealing” “Monte Carlo metropolis search” and various “genetic algorithm
techniques” are also well documented.®’ Tomasulo and Ramakrishna gradually replaced the
atoms of a starting structure one by one,'® and used the Car-Parrinello technique to relax the
atomic positions and optimize electronic wave functions. But most of the structures obtained this
way could be anticipated easily since only the relative positions of the atoms change. Babadova-
Parvanova, et al. used the density functional tight binding level to search for low energy isomers
using the “single parent genetic algorithm” (DFTB/SPGA) method.'' Bertolus et al. combined
Car-Parrinello molecular dynamics with local energy minimization using DFT;"? several
molecular dynamics trajectories generated a large number of structures, e.g., several interesting
SimC, clusters. R. O. Jones has employed density functional methods for many years to study the
structure and bonding of elemental as well as mixed element clusters.'”"” Starting geometries
were generated either by MD simulated annealing, density functional tight binding, or selected
from DFT-based computations or experimental results. Choosing starting geometries becomes
more and more complex when the number of atoms increases. Even though their energies were
lowest or competitive, hollow cage isomers of gold clusters were not located in a recent genetic
algorithm search.'® Alexandrova et al. used genetic algorithm—based techniques on randomly
generated structures to search for global minima.'” Godecker in 2004 proposed a ‘minima

hopping’ method to scan the entire potential energy surface.'® Then there are other methods like
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‘conformational flooding’ which address the similar issue.'” A major problem existing for any
search method is that the potential energy surface (PES) at lower theoretical levels, employed
initially for practical considerations, may differ from the PES at higher, more accurate levels. We
have encountered cases where structures, important on higher-level PES’s, do not exist as

minima at lower levels!

5.3  PROCEDURE

The purpose of this paper is to present illustrative examples demonstrating how structures
generated through stochastic methodology®® can be used to explore PES’s having many minima
automatically with the least possible human involvement. Truly rigorous searches require
knowledge of all possible isomers to be certain that the global minimum has been located.

Fortunately, Saunders’ fast, comprehensive, and automated “kick” method produces isomers
and conformers simply and effectively with little thought or effort.** A similar random search
and minimization technique was proposed by Lloyd and Johnston while exploring aluminum
clusters.”’ The automated random structure generation procedure implemented here enables
searches for unknown isomers much more easily than manual explorations. Neither preconceived
structures nor bonding principles are involved! All the atoms are placed at the same point
initially, and then are “kicked” randomly within a box of chosen dimensions, e.g. a 2 A cube.
The method developed further in this work generates up to 1000 unbiased starting geometries
and submits them automatically for optimization with e.g., Gaussian 94, as employed here, or
other electronic structure programs, to a bank of rapid, coarse-grain parallelized PC’s. While
many jobs die quickly (the atoms are too close or the SCF convergence is not achieved) and

other jobs do not achieve geometrical convergence, the “yield” of completed optimizations
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typically ranges between 10 and 50%. Most of these completed jobs from initial batches of e.g.,
100 “kick runs” are unique minima in the examples we have explored! (If desired, promising
partially optimized jobs may be completed in the usual manner and other search procedures, e.g.,
utilizing the gradient and Hessian information, may be employed. However, this requires human
effort. It is easier just to run more “batches.”)

Subsequently, an auxiliary program searches each batch of outputs for successful completion
(convergence to a minimum), eliminates redundancies, orders the energies, and lists the archive
summaries of the unique isomers. Selected structures (e.g., the most stable or otherwise
attractive isomers) obtained in this manner at lower levels of theory may then be refined
manually employing more sophisticated methods. In essence, lower level searches generate
“candidates” for refinement at higher levels rapidly. All “kick” optimizations proceed in point
group Cj, but often lead very nearly to higher symmetries, which may then be imposed and the
harmonic frequencies computed.

To insure that all the minima have been located, additional batches of kick jobs are run until no
new structures are obtained. While it is impossible to be absolutely certain that all minima have
been found, this problem exists to a greater extent with other methods. Minima may lie beyond
the resolution capabilities of the method employed, or the “box” dimensions may be too
restrictive. However, the latter may be varied to increase the percentage of successful
optimizations or the probability of finding structures with planar or elongated shapes. The
purpose of this paper is to illustrate the method we have developed by applying it to several
diverse problems. Singlet PES” of the following molecules were explored using the method

explained above.
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54  ILLUSTRATIVE EXAMPLES

BCONS. In 1976 Baudisch synthesized a chemical novelty, a substituted five membered
BCNOS ring comprised of five different atoms.” This feat inspired us to search for all the
possible singlet pentatomic minima involving only these five familiar main group elements
(without any substituents). Independent batches of 100 or 200 jobs employed the kick method at
the respectable B3LYP/6-31G* level of theory. The kick size in the cubic box was varied from
2.0 to 2.5 A. Since some atoms must move far to reach an equilibrium position, the number of
optimization cycles permitted was increased (from the default). Ten PC’s running simultaneously
processed about 20 jobs per hour; roughly 30% of the jobs completed satisfactorily.
Redundancies in each batch (energies within 0.00001 a.u.) were eliminated; duplicates appearing
in more than one batch were noted; and the kick runs were continued until no new structures
were generated. A total of 1000 kicks gave 103 unique geometries. The energies of these minima
ranged over 314 kcal/mol!

The best isomers had type n (Figure 5.1) topologies. Surprisingly, linear SCNBO was the
global minimum, despite its seemingly unfavorable S=C double bond. Linear OCNBS followed
next, then NCSBO (bent at sulphur), NCOBS (bent at oxygen), linear SNCBO, and other
permutations of these elements. Many isomers of type o (Figure 5.1) with a three membered ring
and a two-atom side chain constituted the second most stable structural group. Of these, planar
NCB(0OS) followed by CNB(OS) had the lowest energies.

As a check, we explored all 60 possible type n permutations manually; 28 of these survived as
minima, but some were bent rather than linear. Others rearranged and a few formed three
membered rings. All of these minima had been found previously by the kick procedure.

Remarkable variety illustrating the connectivities of Figure 5.1 characterized the other, higher
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energy structures and included a five membered ring, cages, and bridged isomers, as well as
examples of partially dissociated CO, NO, and CS complexes (with the corresponding three-
atom fragments). The refinement and characterization of these minima using a higher level of
theory (cc-pVTZ/CCSD) resulted in the same ordering of energies for the ten lowest energy
isomers (see SI-Table 1). Figure 2 shows the geometry of the global minimum reoptimized at the

cc-pVTZ/CCSD level of theory.
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Figure 5.2. The linear BCONS global minimum geometry (in A) at the cc-pVTZ/CCSD
ab initio level.

CAISIPS. Our second example retained carbon, but included four second row elements known
to eschew multiple bonding. Indeed, the results were quite different from BCNOS: there were
no linear minima. The fourth 100 run batch did not result in any significant new isomers. Fifty
minima in an 86 kcal/mol energy range were found. Oddly, 1 (type c) was the lowest energy
form (global minimum) at B3LYP/6-31G* (the CCSD/cc-pVTZ geometry is shown below).

Type o structures were favored by the next several lower energy isomers at B3LYP/6-31G*.

1.261 1412 1412 1.261

2a

. : 165 128
2.001 IA 2117 M
2c
Figure5.3. 1 2 anion[ C4B-, C4Al-, C4Be(2-)] 3 anion (C4Al)
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C4B(-), C4Al(-), and C4Be(2-). The search for all the isomers of these isoelectronic species is
inherently much less complex since four atoms are the same. While the global minima of the
C4Be(2-) and the “magic number” C4B(-) species have been predicted by analogy with the

isoelectronic linear neutral Cs,2**’

many of their isomers have been overlooked.

The C4B(-) anion signal was, by far, the most intense in a 1988 experiment on the cluster ions
formed in the laser-ablation plasma of boron carbide.”® The kick method located 12 singlet
minima, ranging in energy by more than 127 kcal/mol at B3LYP/6-31G*. The best of these,
CCBCC(1-) (2a), is 30 kcal/mol more stable than its linear BCCCC(1-) counterpart. The third
and fifth best species (relative energies 60 and 78 kcal/mol, respectively) are of type k (Figure
5.1), with a planar tetracoordinate boron and carbon. There are no analogous isoelectronic
neutral Cs or even C4Be(2-) minima, but a similar C,, planar tetracoordinate aluminum structure
(3 anion) is the second most stable C4Al(-) isomer. The CsAl(-)global minimum, linear
CCCCAI(1-), is 17 kcal/mol more stable; a Dyq I-type structure is the only other low energy
isomer (2b).

Although small dianions in isolation are generally metastable toward Coulomb explosion,
C4Be(2-) has been observed experimentally in the gas phase.”” Dreuw and Cederbaum computed
10 structures, but claimed that only the three linear forms, the lowest energy CCBeCC(2-) (2¢)
as well as BeCCCC(2-) and CBeCCC(2-), were minima.*® Shi and Kais reported that two other
isomers (planar types o and 1, with Be in the center of each) also were minima.”!

The kick method, run at the B3LYP/6-31G* level some 500 times until no new minima
appeared, revealed 12 isomers with energies ranging over 163 kcal/mol. (In contrast, only five

minima were obtained at HF/6-31G*.) Besides the three linear forms, three were of type o and

two of type j. Type a (external Be), ¢, e (trigonal Be), and 1 (D4 rather than the reported planar
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form,”® which has three imaginary vibrational frequencies), also were represented. Other singlet
minima at B3LYP/6-31G* are unlikely.

C¢Be and Cg¢Be(2-). About 500 kick computations resulted in 33 C¢Be minima at the
B3LYP/STO-3G level; only 15 of these survived when refined at B3LYP/6-31G*. A cyclic Cay
structure (4) was the most stable isomer. Both structures 4 and 6 dianions are optimized and

reported at the cc-pVTZ/CCSD level of theory.

1.245

1.657

1.259 1.372

4 5 dianion
1264 1.602 1.662 1.237 1379 1.248
1N~ NS o N, ~ N~ N S
N \_/ N \_/ \_/ \__/ N
6 dianion

Figure 5.4. BeCg and BeCGZ'

Dreuw and Cederbaum®® examined the experimentally known C¢Be(2-)* and claimed that only
“linear isomer][s]....correspond to minima on the potential energy surface.” The kick method
disagrees. Both the HF/STO-3G and B3LYP/6-31G* PES’s have more than ten minima ranging
over 120 kcal/mol. At the B3LYP level, the C,, C2BeCCCC(2-) structure (5 dianion) is only 4
kcal/mole less stable the linear CCBeCCCC(2-) global minimum (6 dianion).

C¢H,. The C¢H, system3 234 extends the original C¢ search by Saunders.”’ Triacetylene

(HCCCCCCRH) is, by far, the global minimum, being more than 50 kcal/mol lower in energy

127



(CCSD(T)/cc-pVTZ)34 than the two other experimentally—observed isomers, CCCCCCH;
hexapentaenylidene)32 and CCCCHCCCH (e‘[hynylbutatrienylidene).33

The two additional hydrogen atoms in CgH, increase the number of minima from those
reported for Cs*° dramatically. Indeed, an earlier attempt “to investigate ‘all’ reasonable

>3 number of structures which would have to

structures” was defeated by the “depressingly large
be processed manually. Several thousand “kicks” located 80 CsH, isomers, spanning a range of
175 keal/mol at BSLYP/DZP. These included all nine reported earlier.>* ** Moreover, of the 32
isomers within 100 kcal/mol of triacetylene at the B3LYP/DZP level, 30 survived further

refinement; all are minima at CCSD(T)/cc-PVTZ. As expected, structure 7 has the lowest energy

also at this level.

1.071 1.222 1.367 1.229 1.367 1.222 1.071

Figure 5.5.  Triacetylene.

In conclusion, the kick procedure facilitates unbiased and nearly automatic searches of
potential energy surfaces. It is an important addition to the existing methods. Little thought and
human effort are required, and numerous isomers not anticipated by chemical intuition are
located. While no method can guarantee 100 per cent recovery of all possible minima, this goal
can be approached by repeating the “kick” procedure again and again. While low starting
theoretical levels employ fewer computational resources and result in a large number of isomers,
it may be better strategy to begin with higher levels as these are less likely to be misleading.

The often-employed genetic algorithm (GA) method™ " ® only attempts to locate the global

energy minimum structure. In practice, this not always is achieved.” " '® The concept of GA is
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inferior compared to methods that search for all the minima. However, the latter methods are not
applicable currently to larger systems, which often are investigated by GA procedures. When
two or more isomers have nearly the same energy, there is the further general problem that
entropy differences may determine the lowest free energy. Many approaches, for example
systematic search, thermal annealing, distance geometry and genetic algorithm,”> "2 have
been promoted, but, for systems of the moderate size we have discussed, none of these

alternatives appear to be superior to the stochastic search procedure employed here.
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CHAPTER 6

THE LOW-LYING QUARTET ELECTRONIC STATES OF NITROGEN

DIOXIDE

Bera, Partha P., Yukio Yamaguchi, and H. F. Schaefer III. To be submitted to Journal of

Chemical Physics.
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6.1  ABSTRACT

Environmentally active molecule nitrogen dioxide (NO,) has been revisited. Electronic
ground state and the low-lying quartet states of NO, have been investigated using high-level ab
initio electronic structure methods. Single-reference restricted open-shell Hartree-Fock (ROHF)
self-consistent-field (SCF), configuration interaction with single and double excitations (CISD),
coupled cluster with single and double excitations (CCSD), and CCSD with perturbative triple
excitations [CCSD(T)] methods along with Dunning’s correlation consistent polarized valence
cc-pVXZ and augmented cc-pVXZ (where X =T, Q, and 5) basis sets were used in this research.
The adiabatic excitation energies of the low lying quartet excited states are 84.17 kcal/mol (3.63
eV) for the *A; state, 93.86 kcal/mol (4.07 eV) for the B, state, and 101.69 kcal/mol (4.41 eV)
for the *A; state. The lowest quartet linear Renner-Teller “IT state in a bent configuration gives
rise to a *A, state at 112.8° and a *B, state at 124.4° <(ONO) angles. In the C,, geometry the
second lowest quartet state (‘B,) shows an imaginary asymmetric stretching frequency which
indicates a lowering of symmetry and the presence of a Cs equilibrium geometry. The *A; state
has a very small bond angle of about 85.6°. The potential energy diagrams with respect to bond

angles of the ground state and the quartet states are also reported.

6.2  INTRODUCTION

In environmental chemistry nitrogen dioxide (NO,) holds key interest being one of the
most environmentally active nitrogen oxides.(ref) Concentration of nitrogen oxides in the
atmosphere is more than the concentration of carbon dioxide. NO, has been known to be a
greenhouse gas as well as having high global worming potential (GWP). It contributes to the

depletion of ozone layer by taking part in the generation of NO radicals and NO" cations.
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Electronic states of NO, have encouraged both experimental'™ and theoretical scientists over
several decades.

Gillespie and Khan used multi configuration self-consistent-field (MCSCF) approach to
study the C,, potential energy surfaces of NO, and concluded the excitation energies of the *A,
and *B, states to be very close to each other.'” Use of d orbitals significantly improved the
computed vertical excitation energies. Jackels and Davidson in a pioneering work in 1976 used
*B, molecular orbital as a starting reference in a ‘Internally Consistent Self-Consistent-Field’
(ICSCF) scheme and a double zeta basis set (DZ) to investigate several doublet electronic states

12 Their results show a B, state (2b; € 1a,) to be of lower energy

as well as the quartet states.
than the *A, state by 0.22 ev (vertical energy difference).

In 1979, Handy, Goddard, and Schaefer investigated the six lowest lying electronic states
of NO, using configuration interaction (CI) technique.” Beside the A, ground state they
predicted the five lowest lying excited electronic states to be ’By, *B,, *As, Ay, and *B,. All CI
calculations performed in the ground electronic state experimental geometry of Rno1.1934 A and
<ONO 134.1° provided reasonable excitation energies. A d polarization function added to the
Dunning’s DZ (4s2p) quality basis set predicted 4.15 and 4.30 eV for the excitation energies of
4A2 and 4B2 electronic states, 1respectively.14'17

Neutral open-shell species like NO, particularly posed some challenges computationally.
But the advances made in the last two decades in the field of computational quantum chemistry
made it worthwhile to elucidate excited state properties with greater accuracy and reliability.
Purpose of this work is to investigate the relatively less studied low-lying quartet electronic

states of NO, with highly correlated ab initio methods in conjunction with considerably large

atomic basis sets.

135



6.3 ELECTRONIC STRUCTURE CONSIDERATIONS

10,11, 18, 19

In the previous theoretical studies, the ground state of the NO, molecule,

[core](3a))%(2ba)*(4a1)*(3by)*(1b))*(5a1)X(1a)*(4by)*(6a)) X 2A, (1)
was found to have a bent structure which is consistent with Walsh’ rules. In Eq. (1), [core]
denotes the three lowest-lying core orbitals (N and O: 1s like). In a linear geometry the ground
electronic 2A1 state connects to the linear 2Hu state
[core](30,)*(204)*(405) (30u) (17,) *(17g) (21, X 1, ®)
The lowest quartet state is formed from X 2A1 by a 2b; € 4b; single excitation
. (1b1)7(521)*(122)*(4b2)(6a1)(2b1) i ‘A 3)
where, ... designates the seven doubly occupied low lying orbitals.
The second lowest quartet state 4B2 is derived from the X 2A1 state by a single 2b; < la;
transition,
.. (1b))*(521)*(122)(4b2)*(621)(2b) b “By. (4)

In a linear geometry the lowest two quartet states, *A, and *B, states, connect to the 4Hg state,

.. (Im)*(1ny)’2m,)? a ‘Mg, (5)
or in a real orbital notation
o (1) (1700 (1750 (1) (2700) 22y ) a T, . (6)

The third lowest quartet state is formed from the X 2A1 state by a 2b;6a; € 4b,la, double
excitation

~..(1b1)*(5a1)*(122)(4b,)(6a1)*(2by) ¢ *Al. (7)
The fourth lowest quartet state is derived from the X 2A1, by a 2b; € 4b,l1a, double excitation,

...(1b)%(5a1)*(122)(4b,)(6a,)(2b; ) d ‘B, . (8)
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In the C,y molecular point group symmetry, the eight electronic states presented in Egs. (1)—(8)
are mutually orthogonal to each other with respect to spin/spatial symmetry. Therefore,
geometries, dipole moments, and totally symmetric vibrational frequencies may be determined

correctly without the fear of variational collapse.

6.4  STABILITY ANALYSIS

For open-shell systems, it is helpful to analyze the molecular orbital (MO) Hessian of the
reference SCF wave functions. The MO Hessian is defined as the second derivatives of the SCF
energy with respect to independent MO rotations. The signs and magnitudes of the eigenvalues
for the MO Hessian provide useful information concerning the instability (or stability) of the
SCF wave functions.

At the linear configuration, the MO Hessian matrix for the 4Hg state of NO, has one zero
eigenvalue. The eigenvector of the zero eigenvalue is associated with a “my, - 2nuy MO rotation.
Therefore, an exchange of two MOs does not alter the SCF energy.

For the bent a *A, state of NO,, the eigenvalues of the MO Hessian are all positive, as
expected. Thus, the SCF wave functions for the lowest quartet state are stable at its equilibrium

geometry. There is one negative eigenvalue (for example, A; = -0.00861 hartree at the cc-
pVTZ/SCF level of theory) of the MO Hessian for the bent b *B, state. The eigenvector of the

negative eigenvalue is related to a 1a, — 4b, MO rotation. Therefore, the bent b *B, state SCF
wave functions are unstable with respect to orbital rotation, and a de-excitation of an electron
from the 4b, to 1a, orbital leads to the lower-lying a 4A2 state. The bent ¢ 4A1 state has two
negative eigenvalues of the MO Hessian (for example, A; =-0.00394 and A, =-0.00361 hartree at

the cc-pVTZ/SCF level of theory). The bent ¢ *A; SCF wave functions are again unstable. The
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larger negative eigenvalue corresponding to a 4b, — 6a, rotation connects to @ *A, state, whereas

the smaller negative eigenvalue corresponding to a smaller negative eigenvalue connects to the

b “B, state.
The 4Hg state presents two distinct imaginary frequencies along its bending co-ordinate.
Therefore, the a 4Hg state of NO; is subject to a Renner-Teller interaction, and it is classified as

a type D Renner molecule, as discussed by Lee, Fox, Schaefer, and Pitzer™ for linear triatomic

molecules. The imaginary bending frequency with the larger magnitude [w, (IT')] leads to the b

B, state in a bent molecular geometry, whereas the [, (IT") ] mode leads to the a@ *A, state

when the molecule is bent. As a result, the b *B, state is lower-lying in the vicinity of linearity.
However, the two states cross at about 140° band angle as seen in figure 6.1. The analysis based
on the bending frequencies is consistent with the discussion based on the MO Hessians

mentioned above.

6.5 THEORETICAL METHODS

Geometries, energies, dipole moments, and harmonic vibrational frequencies of NO; in
all the states considered were determined using four distinct levels of theory and six basis sets.
Ab initio theoretical techniques included restricted open shell Hartree-Fock (ROHF) self-
consistent-field (SCF), complete active space self-consistent field (CASSCF), configuration
interaction including singles and doubles excitation (CISD), coupled cluster including all single
and double excitations (CCSD),*" * and CCSD including perturbative triples [CCSD(T)]** **
excitations. Six correlation consistent basis sets cc-pVXZ (X=T, Q, and 5) and aug-cc-pVXZ

25-27

(X=T, Q, and 5) developed by Dunning and co-workers were used throughout the

investigation. All the calculations were performed using MOLPRO® computational quantum

138



chemistry package. The SCF calculations under MOLPRO used ROHF reference and the open
shell restricted coupled cluster theory (RCCSD) for all the calculations. The calculation were
also carried using ACES II*° suit of programs and compared with the results obtained using
MOLPRO. Other than some numerical issues (originating from the different implementation of
CC theory in these two programs) the results are in qualitative agreement with each other. Three
core orbitals (1s-like orbitals of O and N) have been frozen in all correlated calculations.
Analytic gradient method was used to optimize geometries and to determine the harmonic
vibrational frequencies when available. In other cases harmonic vibrational frequencies were
obtained by numerical differentiation of the total energies. All the quartet states investigated here
are of different spatial symmetry in C,, point group molecular structures, which makes it

possible to determine the equilibrium geometries without collapsing to other states.

6.6  RESULTS AND DISCUSSIONS

The electronic ground state of NO, is X 2A,. The main focus of our investigation is the
lowest lying quartet electronic states. These quartet electronic states are difficult to measure
experimentally because the transitions from the ground state to these states are spin forbidden.

The geometrical parameters, dipole moments and harmonic vibrational frequencies of the @ *A,,

b “B,, and ¢ *A, states are tabulated and discussed below. Figure 6.1 shows the energies of the
doublet ground state and excited 4A2, “B, and *A| electronic states as a function of changes in the
ONO bond angle.
A. Ground Electronic State; X *A;

For the ground electronic state of NO, the experimental ONO angle is 134.1 degrees and

the NO bond length is 1.195 A. The structure and harmonic vibrational frequencies predicted in
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this work are in excellent agreement with the experimental findings. The predicted bond lengths
at CCSD(T)/aug-cc-pVQZ level of theory differ from the experimentally obtained bond lengths
by Hardwick et.al’ and Lafferty et.al by less then 0.001 A. The equilibrium bond angle differs
from the experimental bond angles by less than 0.5 degrees at the same level of theory. Both the
bond length and bond angle of this triatomic C,, molecule converge close to the experimental
value with larger basis and more sophisticated method. With increase of electron correlation
effects bond lengths elongate slowly as seen in Figure 6.2. Increasing basis set size causes the
bond lengths to shrink, while augmenting the basis set seems to have little effect on this
geometrical parameter. The bond angle gradually decreases with electron correlation and
converge close to the equilibrium experimental value. Especially inclusion of the triples
correction to CCSD and augmented correlation consistent basis sets considerably improves the
quality of theoretical prediction. Harmonic vibrational frequencies are associated with the bond
length. With longer bond lengths (better levels of correlation), the harmonic vibrational
frequencies becomes lower as seen in table 6.1. The symmetric, anti-symmetric stretching and
bending frequencies fall within 33 cm™, 12 cm™, and 54 cm™ of the experimental vibrational
frequencies. The little difference between the predicted harmonic frequencies at the
CCSD(T)/aug-cc-pVQZ and the experimental frequencies may be attributed to the anharmonicity
of the vibrational modes.
B. Lowest quartet excited state: a 4 5

At the CCSD(T)/aug-cc-pVQZ level of theory, 3.65 eV (see Table 6.6) above the ground
electronic state, the *A, state is the lowest-lying quartet state of NO,. Although the experimental
data is scarce for any of the quartet electronic states, the estimated value of the excitation energy

matches with the previous calculations of this quartet state.'” ' From the qualitative picture
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presented in the Walsh diagram a smaller bond angle (relative to the ground state) is expected
due to the excitation of an electron from the 4b, orbital to 2b; orbital. The ONO bond angle is
indeed predicted to reduce to 112.8 degrees from 134.2 degrees in the ground state (see figure
6.3). The decrease in the bond angle is partially compensated by the NO bond length elongation.
The NO bond length at this level of theory is 1.293 A, which is 0.1 A longer than NO, ground
state bond length. The excitation energy (3.65 eV) is close to the value (3.77 eV) obtained using
a CI scheme with double zeta quality basis set with 3 frozen core orbitals by Handy et. al."> The

qualitative picture presented by Jackels and Davidson'" '?

in their pioneering paper on electronic
states of NO, shows that at the equilibrium geometry the *B, state is actually lower than the *A,
state. The present day coupled cluster methods with high degree electron correlation along with
correlation consistent basis sets better estimates the excited states than the SCF-CI treatment
with a double zeta quality basis set done by Jackels and Davidson. Excitation energy of the A,
state obtained in this work is significantly lower than that obtained in our calculations. The most
comprehensive work done on the quartet potential energy surface was by Gillespie et al.'” Based
on MCSCEF calculation with a DZ+P basis set they predicted the excitation energy to be 4.4 eV.

The total energies and harmonic vibrational frequencies are predicted at CCSD(T)/aug-cc-pVQZ

level of theory in table 6.2.

C. Second lowest quartet excited state: b *B,

Excitation corresponding to this ‘B, state is 2b; € la,. At the best level of theory
(CCSD(T)/aug-cc-pVQZ) it appears at 4.07 eV above the ground state (see table 6.6). According
to Walsh diagram excitation of an electron from la; to 2b; causes the system to bend from the
ground state geometry to lower the energy of the system. However, the effect is not profound

enough to bend the bond angle as much as it does for the *A, state. The equilibrium bond angle
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at the CCSD(T)/aug-cc-pVQZ level of theory is re(NO)= 1.293 A and 0.(ONO)=124.7 degrees.
Figure 6.4 shows the bond length and bond angles of the C,, geometry of this state with
correlated levels of theory. Adiabatic excitation energies from previous works are 3.84 eV
(Handy et al."*), 4.4 ¢V (Gillespie et al.'®) and 2.38 eV (Jackels and Davidson''). The A, and
*B, states go to linearity and connect a 4Hg state. The orbital energies (of the highest occupied
molecular orbital - HOMO) drawn as a function of bond angle (Figure 6.1) shows that the first
two states of quartet spin, namely the A, and the “B, states cross each other at around 140
degrees ONO bond angle.

At the Cy, geometry however, the ‘B, state has an imaginary frequency of the anti-
symmetric mode at all correlated levels of theories as seen in table 6.3. This indicates the
existence of Cs equilibrium geometry. At the Cs geometry the 4B2 state becomes the A" state.
There is another *A” state (the 4A1 state in C2v symmetry) which is close in energy. Therefore
an attempt to find the Cs equilibrium geometry was doused by the state mixing and a resultant
bad HF reference for the lowest *A” state. A state averaged complete active space SCF (SA-
CASSCF) calculation with two roots of the 4A" and following the lowest root (corresponds to
the *B, state at C,, geometry) results in the correct Cs equilibrium geometry. Figure 6.5 reveal
the double minimum nature of the *A” potential surface at the SA-CASSCF/cc-pVTZ level of
theory where the two minima correspond to the Cs equilibrium and the center bump corresponds
to the C,, transition state between them. CCSD and CCSD(T) optimization and frequency
calculations at this geometry, shown in table 6.4, confirms it to be the real minimum of the 4A’

state.
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D. The third lowest quartet excited state; ¢ ‘4,

The third lowest quartet electronic state is 4A1 state. This arises from the two electron excitation
lay4b, = 6a,2b;. At the best level of theory CCSD(T).cc-pV5Z the 4A1 state is 4.41 eV above the
ground state. Electrons in the 1a, and 4b; orbitals of XY, type triatomic molecule prefer a linear
geometry over bent, as seen from the Walsh diagram. Excitation of an electron from any of these
orbitals to 6a; orbital makes the geometry to bend because the 6a; orbital comes crashing down
in energy with a smaller bond angle. Similarly excitation of an electron from either 1a, or 4b,
orbitals makes the geometry to bend by the electron going from extremely unfavorable situation
to a slightly favorable situation. As expected the bond angle is only 85.4° at the above mentioned
level of theory. Such a short bond angle is only affordable by the molecule if the bond length
elongates a little to make room for the oxygen. Figure 6.6 shows the geometric parameters of the
4A1 state of NO,. As seen in table 6.5, with increase of electron correlation effects the bond
distances increase and larger basis set has a little but visible effect on the geometry. At the best
level of theory considered (CCSD(T)/cc-pV5Z) the harmonic vibrational frequencies of the three
modes are: symmetric stretching (a; sym) 1216 cm™, anti-symmetric stretching (a; sym) 665 cm’

" and bending (b, sym) 309 cm™.
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6.8 TABLES

Table 6.1. Theoretical predictions of the total energies (in hartree), dipole moment (in debye),

harmonic vibrational frequencies (in cm™) and zero-point vibrational energies (ZPVE in

kcal/mol) for the ground electronic state X *A; of NO».

Level of theory Total Energy  wi(a;) 2(a;) 3(b2)
cc-pVTZ/SCF -204.107661 1621 855 1924
aug-cc-pVTZ/SCF -204.110881 1615 854 1908
cc-pVQZ/SCF -204.123843 1622 858 1913
aug-cc-pVQZ/SCF -204.124956 1620 857 1910
cc-pVTZ/CISD -204.692751 1516 811 1867
aug-cc-pVTZ/CISD -204.705372 1510 810 1854
cc-pVQZ/CISD -204.747125 1526 817 1872
aug-cc-pVQZ/CISD -204.752307 1524 816 1867
cc-pVTZ/CCSD -204.763000 1431 782 1756
aug-cc-pVTZ/CCSD -204.778060 1423 780 1742
cc-pVQZ/CCSD -204.822174 1441 787 1761
aug-cc-pVQZ/CCSD -204.828229 1438 786 1756
cc-pVTZ/CCSD(T) -204.799793 1352 758 1687
aug-cc-pVTZ/CCSD(T) -204.816669 1343 756 1671
cc-pVQZ/CCSD(T) -204.862081 1362 763 1692
aug-cc-pVQZ/CCSD(T) -204.868852 1358 762 1686

Expt. 1983
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Table 6.2 Theoretical predictions of the total energies (in hartree), dipole moment (in
debye), harmonic vibrational frequencies (in cm™) and zero point vibrational energies (ZPVE in

kcal/mol) for the a 4A2 state of NO,.

Level of theory Total Energy  i(a;) wa(a;)) 3(by)
cc-pVTZ/SCF -204.039483 1170 617 1151
aug-cc-pVTZ/SCF -204.042635 1165 618 1151
cc-pVQZ/SCF -204.054776 1172 620 1154
aug-cc-pVQZ/SCF -204.055908 1171 621 1157
cc-pVTZ/CISD -204.576144 1177 577 967
aug-cc-pVTZ/CISD -204.588241 1170 578 968
cc-pVQZ/CISD -204.628281 1191 583 981
aug-cc-pVQZ/CISD -204.633351 1189 584 983
cc-pVTZ/CCSD -204.642210 1177 552 908
aug-cc-pVTZ/CCSD -204.656922 1170 553 908
cc-pVQZ/CCSD -204.698977 1192 559 927
aug-cc-pVQZ/CCSD -204.704983 1191 560 928
cc-pVTZ/CCSD(T) -204.668178 1158 536 862
aug-cc-pVTZ/CCSD(T)  -204.684733 1150 536 860
cc-pVQZ/CCSD(T) -204.728055 1173 542 881

aug-cc-pVQZ/CCSD(T) -204.734792 1171 543 882
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Table 6.3 Theoretical predictions of total energies (Hartree), dipole moment (debye),

harmonic vibrational frequencies and zero point vibrational energies (kcal/mol) for the b ‘B,

state of NO,

Level of theory Total Energy  ®i(a;) wx(a;)) ws3(by)
cc-pVTZ/SCF -204.007745 1334 659 289
aug-cc-pVTZ/SCF -204.010285 1330 659 203
cc-pVQZ/SCF -204.022782 1337 662 247
aug-cc-pVQZ/SCF -204.023706 1336 662 226
cc-pVTZ/CASSCF -204.14137 1066 570 574i
aug-cc-pVTZ/CASSCF  -204.14366 1062 569 588i
cc-pVQZ/CASSCF -204.15592 1070 572 574i
aug-cc-pVQZ/CASSCF  -204.15672 1071 573 574i
cc-pVTZ/CISD -204.555541 1308 634 784i
aug-cc-pVTZ/CISD -204.567318 1304 632 819i
cc-pVQZ/CISD -204.607417 1320 639 798i
aug-cc-pVQZ/CISD -204.612357 1319 639 811i
cc-pVTZ/CCSD -204.623908 1207 603 325i
aug-cc-pVTZ/CCSD -204.638375 1201 601 346i
cc-pVQZ/CCSD -204.680332 1220 608 314i
aug-cc-pVQZ/CCSD -204.686234 1218 608 321i
cc-pVTZ/CCSD(T) -204.652795 1156 585 228i
aug-cc-pVTZ/CCSD(T)  -204.669218 1147 581 248i
cc-pVQZ/CCSD(T) -204.712403 1168 589 188i
aug-cc-pVQZ/CCSD(T) -204.719070 1165 588 191i
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Table 6.4. Theoretical predictions of total energies (Hartree), bond lengths (A), bond angles

(degrees) and harmonic vibrational frequencies (cm™) for the b *A’ state of NO,

Level of theory Total r((NO) 1(ON) 6.(ONO) oi(a) m(a))  ;3(by)
Energy

cc-pVTZ/CCSD -204.62412  1.379 1.226 124.13 1420 559 333

aug-cc-pVTZ/CCSD -204.63865 1.387 1.224 123.82 1441 549 361

cc-pVTZ/CCSD(T) -204.65307 1.427 1.227 122.92 1493 508 439

aug-cc-pVTZ/CCSD(T) -204.66958 1.427 1.228 122.72 1480 552 476
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Table 6.5 Theoretical prediction of total energies (in hartree), harmonic vibrational

frequencies (in cm™ Yfor the & *A| state of NO,

Level of theory Energy oi(a))  m(a) w3(by)
cc-pVTZ/SCF 203.96298 1440 788 270i
aug-cc-pVTZ/SCF 203.96599 1436 784 354i
cc-pVQZ/SCF 203.97788 1442 788 312i

aug-cc-pVQZ/SCF

cc-pVTZ/CISD 204.53327 1396 746 1067
aug-cc-pVTZ/CISD 204.54584 1391 742 1034
cc-pVQZ/CISD 204.58437 1405 751 1082
aug-cc-pVQZ/CISD

cc-pVTZ/CCSD 204.60592 1267 699 346
aug-cc-pVTZ/CCSD 204.62146 1257 695 322
cc-pVQZ/CCSD 204.66185 1277 704 382
aug-cc-pVQZ/CCSD

cc-pVTZ/CCSD(T) 204.64141 1207 649 254
aug-cc-pVTZ/CCSD(T)  204.65902 1197 655 224
cc-pVQZ/CCSD(T) 204.72070 1218 664 308

aug-cc-pVQZ/CCSD(T)
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Table 6.6 Table of excitation energies (in kcal/mol and electron volts) of low-lying quartet
electronic states of NO,

Electronic States X 2 A a ‘A, b ‘B, ¢ A,
Level of Theory Kcal/ eV  Kcal/l eV Kcal/ eV Kcal/ eV
mol mol mol mol
cc-pVTZ/SCF 0 0 42.78 | 1.86 62.70 | 2.72 90.79 3.94
aug-cc-pVTZ/SCF 0 0 42.82 | 1.86 63.12 | 2.74 90.92 3.94
cc-pVQZ/SCF 0 0 43.34 | 1.88 63.42 | 2.5 91.59 3.97
aug-cc-pVQZ/SCF 0 0 4332 | 1.88 63.54 | 2.76
cc-pVTZ/CISD 0 0 73.17 | 3.17 86.10 | 3.73 100.07 | 4.34
aug-cc-pVTZ/CISD 0 0 73.50 | 3.18 86.63 | 3.75 100.11 4.34
cc-pVQZ/CISD 0 0 74.57 | 3.23 87.67 | 3.80 102.13 | 443
aug-cc-pVQZ/CISD 0 0 74.64 | 3.24 87.82 | 3.81
cc-pVTZ/CCSD 0 0 75.79 | 3.29 87.28 | 3.78 98.57 4.27
aug-cc-pVTZ/CCSD 0 0 76.01 | 3.30 87.65 | 3.80 98.57 4.26
cc-pVQZ/CCSD 0 0 77.30 | 3.35 89.01 | 3.86 100.61 | 4.36
aug-cc-pVQZ/CCSD 0 0 77.33 | 3.35 89.10 | 3.86
cc-pVTZ/CCSD(T) 0 0 82.58 | 3.58 92.24 | 4.00 99.39 431
aug-cc-pVTZ/CCSD(T) | 0 0 82.79 | 3.59 92.53 | 4.01 98.93 4.29
cc-pVQZ/CCSD(T) 0 0 84.10 | 3.65 93.92 | 4.07 101.71 4.41
aug-cc-pVQZ/CCSD(T) | 0 0 84.12 | 3.65 93.99 | 4.08
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6.10  FIGURES

Figure 6.1 Orbital energies plotted against bond angles at SCF/cc-pVTZ level of theory.
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Figure 6.2

Figure 6.3
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Figure 6.4
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CHAPTER 7

CONCLUSION



In this second generation of quantum chemistry, the applications of DFT and ab initio
(AIQC) techniques are proving more fruitful in predicting the chemistry of gas phase
radicals and anions than ever before. A range of methods are used to predict problems of
various levels of complication. Inevitably system size plays an important role in the
reliability of quantum chemical predictions.

Highly correlated methods are used to predict the structures and spectroscopic
properties sometimes with better than experimental accuracy. However, issues still exist
and a plethora of research approaches are tried to improve upon the reliability and
accuracy. lons, radicals and open shell species still pose some challenge to the theoretical
community. However, the good news is that the recipe for systematic improvement of the
AIQC techniques exists.

DFT mainly focuses on its ability to predict structures and energies of larger
systems which are still unmanageable by AIQC. Hundreds of new molecules exist with
peculiar empirical formulae and bonding pattern. Most chemists do not even venture a
guess at the structures of the possible isomers on the PES such molecules. Brute force
efforts using chemical intuition limits ones ability to look at large systems because of the
depressingly large number of possibilities. The unbiased stochastic search procedure
developed here can be really suitable in predicting all the possible structures that
represent minima on the PES of novel molecules of modest size (<15 atoms current
capability). It has been applied to systems with handful of atoms with some success.

DFT methods are, also, very helpful in predicting the physical properties like
electron affinities of large molecules, like DNA bases and base pairs. A number of

density functionals have been successfully used for this purpose. However, at least a few
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pure and hybrid density functionals should be used, and compared against each other, to
predict chemistry of biomolecules in order to bracket the desired physical property with
confidence. Predicting chemical physics of biomolecules are routine these days with
acceptable accuracy. The modeling of solvation of biomolecules is widening the already
open door of doing chemistry with computers. Therefore field of quantum chemistry is
poised to experience huge success in near future in becoming a truly reliable predictive

tool in chemistry.
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