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The resonating valence bond theory, emphasizing unsynchronized resonance and metallic orbitals, introduced
by Pauling 50 years ago, has become an easily visualized tool for describing some electron-transfer processes.
It has yielded simple, qualitative and useful descriptions of a wide variety of phenomena including the stability
and geometry of molecules, conductivity, photoconductivity, superconductivity, magnetism, surface catalyzed
reactions, chemical carcinogenesis as well as the stability of the metallic state.

. Introduction i Li Li—Li
Linus Pauling’'d—* resonating valence bond (VB) theory, | | A4 ) '
hereafter denoted RVB, yields simple consistent explanations Li Li Li—Li

of several molecular phenomena, asyhchronizedesonance  Figure 1. Synchronized resonance Kekule structures af Li
has become very popular, appearing in most chemistry text-

books. Although less familianinsynchronizedesonance of Li—1i
covalent bonds through a metal has also proved to be a very '
useful concept for understanding electrical conductivity and Li Li*

other metallic properties.

General VB theory admits not only various spin-coupling
schemes that label regions of a molecule or of a crystal where receiving a bond (L or Li) have an orbital available for
chemical bonds are formed but also changes of orbital config- recejving the electron. It is the possession of this orbital, the
uration arising from transfer of electrons between orbitals such metallic orbital in addition to the orbitals required for oc-
that some atoms become formally negatively charged and otherseypancy by unshared electron pairs and bonding electrons, by
positively charged. The RVB theory considers that two electrons || or many of the atoms in the condensed phase that makes
with opposite spins and occupying orbitals on adjacent atoms possible unsynchronized resonance of covalent bonds and gives
form a covalent bond, which may have some ionic character, yise to metallic properties. By a succession of shifts by single
and_ _that 'these covalent bonds resonate among alternativeyonds, a negative charge is seen to move in the appropriate
positions in a metal. direction from atom to atom in a crystél.

Consider Pauling’s original lithium examplé.Much more Fifty years ago Pauling identified the metallic orbital in
important to the stabilization of a Li crystal than synchronized describing the nature of transition methls. 1987 he employed
resonant structures (Figure 1) are unsynchronized resonanthe concept of metallic orbital and the same statistical arguments
structures such as shown in Figure 2 in which one bond to explain superconductivity in some copper oxide compodnds.
resonates independently from one position to another. SuchThe present authors recent VB and molecular orbital (MO)
unsynchronized resonance requires, however, that the atomcalculations showed that the metallic orbital and unsynchronized
RVB structures yield useful descriptions of a wide variety of

Figure 2. Unsynchronized resonance Pauling structures gf Li
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dihalides, superconductivity in YB&uO;-s5, magnetism of
iron, dissociation of diatomic molecules on 3d-transition metal
surfaces, @formation, and chemical carcinogenesal in the
RVB formalism®~22 Computational details are given in section
Ill. Conclusions follow in section IV.

11.1. Generality of RVB Theory. Pauling’s idea was based
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Figure 3. Unsynchronized resonating structuresrans(CH)x.

systems. The preference of small anionic clusters for linear

on empirical arguments when he demonstrated the value ofgeometries and the influence of the extra electron have a clear
unsynchronized resonant structures as a tool for understandingconnection to Pauling structurés.

the properties of metals. However, we can also show that RVB
theory works using ab initio calculations. In the lithium case,

consider, for example, a kcluster withD,, symmetry (Figures

1 and 2). Labeling the orbitals of atom 1 as 1 (normal orbital,

occupied in common Kekule covalent or ionic structures) and
1' (metallic orbital, occupied only in Pauling structures) and so
on, the structures can be represented as ordered sequences
numbers (labels of the occupied orbitals). A Kekule covalent
structure, for example, with bonds-8 and 2-4 would then

be represented as

1324= A[ghy(ry) do(ry) dalrs) du(r)10 @)

A typical Pauling structure, e.g., 133 would then be written
1334 = A[¢1(r1) P5(ra) d3(rs) ¢4(ra)]0 @)

in which the -3 bond involves the normal orbitals of atoms 1
and 3 but the 3-4 bond involves the metallic orbital of atom

3 and the normal orbital of atom 4. Hegs the antisymmetrizer
and 0 denotes & = 0 spin wave function (cf. ref 5). RVB
calculations of the LDz, cluster show that the binding energy
per atom increases from 1.21 to 2.18 eV as, in addition to the
synchronized resonant structures, ikekule structuregFigure

1), unsynchronized resonant structures, cafladling structures
(Figure 2), are introduced.

In addition to predictions of the behavior of general metallic
clusters, these RVB calculations yield a finding that links
conformation, electronic structure, and stability. The finding may
be statedAs Pauling structures enable each atom to make a
covalent bond with all its neighbors, the system will seek a
conformation that makes the bonds as equal in length as
possible, leading to more metametal pathways and to an
increase of the coordination number of the atoffisis finding
applies particularly well to even systems, for which all the
electrons can be paired in covalent links, and immediately
predicts high stability fon = 6 in a plane anch = 8 in three

RVB theory can also describe conductivity in some organic
polymers. Polyacetylene, (Ckl)is a particularly important
example in which the degenerate ground state should lead to
important soliton excitations in which theband is half-filled,
implying the possibility of metallic conductivity. In conjugated
polymers, carbon 2p, hybridization leads formally to one
phpaired electron per carbon atom. Consequently, the electronic
structure is determined by chain symmetry (i.e., the number and
kind of atoms in the repeat unit) with the result that such
polymers can be expected to exhibit semiconducting and
possibly metallic propertie. A chain of atoms (or, more
generally, monomers made up of groups of atoms) can be
dimerized in two distinct patterns that have the same energy.
Labeling the atoms (or monomers 1, 2, 3, ...), one could have
the bonding structures% 2—-3=4-5=6o0r1-2=3-4=
5—6 denoted as A and B phases. Clearly, if all monomers are
equivalent and the chain is infinite in extent, the energies of
these bonding structures are the same. In the language of
qguantum field theory, the vacuum state is 2-fold degenerate.
The domain wall is a nonlinear shape-preserving excitation that
propagates freely, called a soliton. A moving soliton converts
A-phase material into B-phase material (and vice versa). The
undopedtrans-(CH)x resembles a semiconductor with a band
gap, but through doping the electronic properties can be
controlled3! At dilute doping levels, the intrinsic resistivity of
the material dominates, but heavy doping can lead to a regime
of high conductivity in which the amount of unsynchronized
resonance becomes so great as to make the conducting state
more stable than the insulating state. The electrical conductivity
in trans(CH)x can be rationalized in terms of unsynchronized
resonating structures (Figure 3).

For the LI®) Li—Li—Li Pauling structure of Figure 2, the
(truly) divalent Li™) uses orthogonal s and p atomic orbitals
(AOs) to form the two bonds. Either Heitlet.ondon type wave
functions (as in ref 5) or (essentially) orthogonal localized MOs
can then be used to formulate the wave functions for electron-
pair bonds. In Figure 3, the apparently pentavalent carbon atoms

dimensions. It has been shown that among the planar alkaliin the second and third VB structures affsé® only if two

clusters,n = 6 should be a magic numbeOur first ab initio
VB calculations on lithium clusters with explicit use of

nonorthogonal localized MOs are used to accommodate the four
7 electrons. Therefore, the types of unsynchronized resonance

unsynchronized resonance structures confirmed the importanceused for the two cases differ.

of the metallic orbital and the covalent character of the metal
metal bonc® Pauling structures for Lisubstantially stabilize
the ground-state electron structure, and the pivotal switch of
their bonds does provide a VB representation for electron
conduction.

Harcourt and co-workers have done some important work
using the VB formalisn?3-2° These authors provide an alterna-
tive representatidd that involves one-electron transfer into
antibonding MOs. This formulation, which can now be some-
what modified® to include p orbitals more effectively, might
also be considered.

We have also recast the RVB theory in a nonorthogonal ab
initio VB formalism and applied it to the study of small anionic
lithium clusters. The Pauling structures have large weights

In the presence of an applied electromagnetic field, electrons
tend to move from atom to atom. By a succession of bond shifts,
negative charge moves toward the anode. In a similar way
positive charges (electron holes) move toward the cathode. The
probability of resonance is small for a chain of atoms with
alternating single and double bordhere are only two
structures. As the sequences are interrupted, for example, by
oxidation (or reduction) of a carbon center, the probability of
unsynchronized resonance is increased. The mobile charge
carriers introduced in the-electron system are responsible for
the electrical conductivity of conducting polymers. It must be
noted, however, that charge transport is limited by microscopic
defects and sample imperfections.

We now consider RVB in describing insulating materials.

compared to the Kekule structures, which emphasizes the Mott—Hubbard theory predicts that the band gap in insulating

importance of RVB theory in the VB description of these

transition metal compounds involves transitions of the tyfed
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— di" g™, wherei andj label transition metal site%.We be formulated via the transfer of an electron from an antibonding
note, however, that for these materials, a unified theoretical o*yr MO located around an adjacent metal cedfer.
description of the observed band structure has not been achieved. 1.2, Superconductivity. In BCS superconductivity theory,
The 3d orbital interaction is at the center of the controversy. the interaction of electrons and phonons causes a clustering of
Other authors have interpreted the optical absorption gap inelectrons that move in phase with a phonon when the energy
terms of a P d transition, an interpreta’[ion that involves Only of this interaction is greater than the phonon enérg'yRVB
one transition metal atom. In fact, photoconductivity experiments theory the electronic structure of the metal is described in
in nickel dihalide compounds (NigINiBr», and Nip) indicate  gyccessive steps involving integrals of decreasing magnitude.
an optical gap corresponding to-p d charge-transfer transi- At first, two electrons with opposite spins and occupying orbitals
tions® By applying RVB theory to describe the photoconductiv-  on adjacent atoms form a covalent bond, which may have some
ity in nickel dihalide compounds, it is possible to unify these jonic character. Second, these covalent bonds resonate among
interpretations. On the basis of the band structure and the natureyjternative positions in the metal. RVB theory is in many ways
of the chemical bond of insulating nickel difluoride constructed equivalent to the conventional band theory of metals, but it has
using the s, p, d multiple scattering{MS—Xa) spin-polarized  the advantage that it far more easily permits discussion of the
orbitals of an octahedral (Ni*~ cluster, unsynchronized  gependence of metal properties on the identity of the constituent
resonance of the covalent bonds can be depicted as folows: metal atoms. Paulifiguggested that for the superconductor La
(T = 6 K) the rate of M M® — M? M~ (electrons moving to
M—XM —M"X-M" 3) the right on the crest of the phonon) is greater than that bf M
MO — M9 M~ (holes moving to the right on the trough of the
where X represents F, Cl, Br, and I. As required for unsyn- phonon) because the exchange integral is smaller for the motion
chronized resonance of covalent bonds, the atom receiving aof the hole as a result of the smaller size of kélative to M.
bond must have an orbital available for electron reception-MS  This characteristic causes holes to fall behind electrons in
Xa. calculations indicated that this orbital can be identified as following the phonons.

the unoccupied metallic 3d;spin minority molecular orbital The mechanism of superconductivity of copper oxide com-
(the 4g molecular orbital in the Nif?~ cluster has large Ni:3d  pounds can be described by the theory of unsynchronized
charactef). The p— d charge transition creates the Mtate resonance of covalent bonds. Although electron pairs can move
Ni(3d°) as well as the hole in the p band. Therefore, the structure along a string of atoms in synchronizatidh some O atoms
required for unsynchronized bond resonance” (K=M") is are missing, so that vacancies interrupt the sequence, then there

attained when the photohole is transferred from the anion p bandwould be the possibility of unsynchronized resonahtfethe
to the 3d state of the nearest-neighbor nickel ion, creating the segments are short enough, the amount of unsynchronized

M state Ni(3d). The process can be described as resonance can become so great as to make the conducting state
more stable than the insulating state, as is the case for metals.
3q8 3q8—» 3q9 L 3dj8—> 3q9 3q7 (4) Suitable doping may be required and the interactions with La

(Ba, Sr) are also essential for high-temperature superconductiv-
ity. The critical temperatureT() increases as scattering of

polarized states is a charge-transfer process in which oneelectrons by phonons decreases, i.e., as the strength of the

electron moves from the ligand to the metal and a hole moves electron-phonon interaction decreases. . )
from the ligand to another nickel in the opposite direction. The ~ In summary, several structural features, including electron
photohole excited state 3@p° 3 decays to the Jd2p® 3d” trar)sfer between atoms of .d|fferent electronegativity, oxygen
state. The global process is equivalent to the shift of a covalent deficiency, and unsynchronized resonance of valence bonds, as
bond from one nickel to another in the crystal, making RvB Well as tight binding of atoms, cooperate to confer metallic
equivalent to Mott-Hubbard theory in the sense that two metal Properties and high-temperature superconductivity on copper
atoms are involved in the electron transfer. There is a resonance?Xide superconductors. The superconducting transition temper-
from 2NP* to Nit and Nf*. A direct consequence of this ature decreases considerably when group VIII, IB and 1IB metal
interpretation is that the magnitude of the band gap is determinedions are substituted for Cu ions. We have, in collaboration with
by p— d Charge_transfer energy; i_e.l there is a dependence Ofother aUthorgfg inVeStigated the substitution of CuO by NiS
the band gap on the electronegativity of the ligand and it is in these superconductors and reported X-ray diffraction, resistiv-
possible to reduce the conductivity gap by an appropriate choiceity: and ac magnetic susceptibility findings for a set of samples
of ligand. The difference between the insulator NiO and the With nominal composition YB# (Cus)1-x(NiSk]sOs-5. We
conductor NiS, for example, is that in the insulator the electrons found a small increase iffc and a decrease of the room-
are localized in the 2p band and require energy for the first temperature resistivity in a certain substitution of CuO by NiS.
step of the unsynchronized resonant-valence-bond mechanism]hese results seem to agree with RVB theory which predicts
while for metallic NiS the first step is facilitated by itinerant ~increasingTc as unsynchronized resonance increases, which is
electrons of the hybridized Ni(3d) and S(3p) band, with no the case when semiconducting CuO rings are substituted for
charge transport gdbp. conducting NiS rings. Our fluorescence X-ray emission spectra
It has been noted that (N§#~ with a 3A,4 ground state is a show that sulfur atoms enter the lattice and form oxyanion
hypoligated transition metal compl8%A VB description for groups?
this complex involves resonance between 15VB structures, each 11.3. Magnetism in Iron. A theory of superconductivity
of which involves four (polar) Ni-F electron-pair bonds (each  should explain the Meissner effect, which shows that a
as Enr)? (0*ne)?), using a simple MO formulation of the wave — superconductor is a perfect diamagnetic system; magnetic flux
function for the electron pair) and two NF Pauling three- is excluded from all but a thin penetrable region near the surface.
electron bonds (each asng)? (one)Y). The two (parallel-spin) A complete quantitative treatment of the magnetic behavior of
odd electrons occupy the two antibonding MOs. With this type transition metals does not exist. Magnetism in Fe, Co, and Ni
of VB description, perhaps the photoconductivity could also is problematic because 3d electrons are neither completely

where L is a ligand hole. The creation of the" nd M~ charge
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Figure 4. Resonating valence band theory for g structure of Q. . . . .
g g y . Q Figure 5. Resonating valence band model for diatomic molecular

. . . . dissociation on transition metal surfaces.
localized onto single centers nor entirely delocalized. Both the

localized Heisenberg picture and the itinerant-electron theory __
developed by Stoner, implemented in connection with band
theory, have been invoked to explain different aspects of the
observed magnetic properties of Fe, Co, and'°NFurther,

O, " electron back-donation. This second interaction is similar
to the first one in the sense that for both interactions the orbital
receiving the electron is an2 antibonding MO. In this RVB
molecular field theory, either from the view of localized mechanism the electron completes a cycle and forms_ new bonds.
electrons or itinerant eléctrons has been unable to satisfactorilyThe resulting @ molecule must haves, symmetry since the

’ bonds between the two @inits, @—0,, are different from the

explain the observed magneton number. Over the past decadey” '\, 004s in each @unit. This prediction oDz, symmetry
a large number of experimental and theoretical studies have beerby RVB theory is in agreement with experiment and with
performed on small metallic clusters, including bimetallic MCSCF calculationa®

systems, which are of great interest in surface physics and
chemistry, nucleation, heterogeneous catalysis, alloy formatlontion_ The G VB structures of Figure 4 represeSt= 0 spin

and magnetism. . . . excited states no§ = 1 spin ground states and the, OB

For the magnetic 3d transition metals, Fe, Co, and Ni, grcture does not retain double-bond character for the O
systematic studies by various authors show serious discrepancies,gieties. The (Linnett-type) VB structures 6 and 7 of ref 28
with experiment. A Iong-sFandi.ng goal is better compre.hensi.on with two Pauling three-electron bonds,2(z*,)* and (r,)>-
of the origin of magnetism in these metals. For iron, in (2«1 for the six electrons, and parallel spins for the two
particular, chemical properties cannot be divorced from magnetic 4 ntinonding electrons, are the appropriate VB structures for the
properties, since ferromagnetism leads to shifts on the order ofo2 ground state. The primary dimerizatf§rprocess involves
1 eV or more in energy levels due to spin polarization. Pauling e spin pairings of the antibonding unpaired electrons to
also made important contributions to the phenomenon of gonerate an increased-valence structureDigr O, with frac-
magnetism in transition metals and proposed an interestingjona| intermolecular bonds. This spin pairing process alone,
correlation between the magnetic properties of transition metalshowever, does not stabilize the dimer relative to the two
and the bonding of 4s and 3d electrons, metallic orbitals, and separated @monomers. Although the VB calculation reported
resonance of covalent bonds. The present autheported ab iy e 29 are not necessarily definitive, they do indicate that
initio Hartree-Fock calculations on theuintet spinstate of — gigpersive interactions, with some help from charge transfer,
Fe; in a study of the electronic, magnetic, and chemical bonding gre primarily responsible for the small stabilization of the dimer.
properties as well as the hyperfine interactions. Good agreementatiantion has been focused on the importance of dispersive
was found with band-theoretical and experimental parameters.;aractions by others; see, for example, refs 2 and 3 of ref 29.
The calculations support Pauling’s model of occupation and I1.5. Dissociation of Diatomic Molecules on Transition
bonding of valence orbitals, resonance of covalent bonds, andy;qt4 Surfaces. Heterogeneous catalysis serves today as the
conduction-band metallic_orbitals. The calcula_ted magneton . <ic for most petroleum and chemical technologies and has
number was found to be in good agreement with experiment. ¢,qiantial importance for the life sciences as well as for

II.4. 04 Molecule. Various experimental and theoretical  environmental protection. It has been intensively investigated
studies of Q lead to different descriptions of its stability and \yith the tools of physics, quantum chemistry, and surface
geometry (see ref 18 and references contained therein.) Thegcience. A particularly interesting and important area of catalysis
present authors carried out ab initio MCSCF (multiconfiguration s the interaction of diatomic molecules (CO, MO, Hy, and
self-consistent field) calculations to clarify discrepancies regard- 0,) with transition metal surfaces, which can lead to breaking
?ng_ the structure and stability of this m_olecule. The study gng making chemical bonds and trigger important surface
indicated a stable Zmolecule. The system is found to be more  catalyzed reactions. In particular, the CO interaction with
stable forD2, symmetry than foD, symmetry, in agreement  transition metals has been described in terms of charge transfer

More recent worké2?yields additional details of Pforma-

with experimental studies of the.@imer'® from the metal to CO (back-donation) and from CO to metal
Further support forDy, symmetry for Q is provided by (forward donation) charge transfer, i.e., the Blyholder mééel.
Pauling’s RVB theory. An easy visualization of,@rmation This model does not consider, however, the existence of tilted
is as a two-step charge-transfer process involving two O states or the unusually low CO stretching frequencies observed
molecules (see Figure 4). for CO on some transition metal surfaces. The present authors

The first step of the mechanism i$©- O, electron transfer ~ have published a number of papérd® in which ab initio
with corresponding bond transfer from one O atom of one O molecular orbital calculations and the unsynchronized resonat-
molecule (which acquires a positive charge) to an O atom (which ing-valence-bond mechanism formed the basis for a modification

acquires a negative charge) of the other r@olecule. RVB of the Blyholder model that explains tilted states, dissociation
theory requires that the atom receiving a bond must have anof diatomic molecules and low stretching frequencies observed
orbital available for electron reception. In the case gf @his on some transition metal surfaces. The RVB mechanism of CO
orbital is identified with the 2* antibonding molecular orbital. dissociation is schematically represented in Figure 5 where
In this process, the first electron transfer creates thie-@,~ A =C and B= 0.

bond. The G-O bond of the @ unit is weakened due to the The first electron-transfer step leads to bond formation
occupation of the 2* antibonding orbital while the ©0 bond between the surface, M(s), which acquires a positive charge

of the Gt unit is stronger due to the loss of an electron from (M™). It is the possession of the lowest unoccupied* 2
an antibonding MO. The second step of the mechanismyis O molecular orbital, as required by Pauling’s theory, that makes
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possible the interaction of CO as a Lewis acid with the metal c— ¢ c——— C~
surface. The primary interaction in the CO adsorption process (’

on a transition metal surface is the so-called meta(27*) +

CO back-donation. The metal attacks the carbon atom where B—'—DiA B DiA

the unoccupied 2* molecular orbital is mainly localized. The ) i o )
charge transfer process leads to a buildup of negative ChargeF'gure 6. Unsynchronized resonance description of the DNA carcino-
mainly on carbon, although a significant portion also delocalizes gen electron donation and bond formation.

onto oxygent’ 1721 |n the next step, the €0 bond is
transferred to the metal surface. Then CO dissociation occurs
when the electron returns to the surface, restoring electrical
neutrality as it must in a catalytic process. The electron traverses
a closed loop while dissociating the CO molecule. Note that
the condition for the dissociation is determined by the amount
of charge transfer in the first step, which is generally larger in
the tilted configuration (and the consequent@ weakening.)

the carcinogen. This unsynchronized resonance requires that the
system receiving a bond have an orbital available for electron
reception. It is the existence of such an orbital, the LUMO of
the carcinogen with the appropriate energy, that makes possible
DNA — carcinogen electron donation and subsequently BNA
carcinogen bond formation. Chemical carcinogens can be
divided into two main groups: those that act directly on DNA
If there is no metal— CO charge transfer, then molecular and Fhose that act indirectly. In the ma}jority Of. compounds'that
adsorption will be observed. can |ndqce cancer, the uIt|_mate carcinogen is a metabolite of
) ) . .~ the original compound. Nitrosamines, for example, are not
Experiments have established that CO adsorption on the f'rSt'carcinogens per se; they must be metabolized to be converted
row transition metal surfaces, Sc to Fe, leads to dissociation, into ultimate carcinogeri€42 Nitrosoureas, unlike nitrosamines,
whereas for Co to Cu, CO remains adsorbed on the surface.gre direct-acting carcinogens. For dimethylnitrosamine (DMN),
Ab initio charge transfer calculations for the monocarbonyl 5 considerable body of evidence indicates that damage to cellular
complexes are in agreement with these experimental results. tpNA and proteins is caused by diazomethyl and diazomethane
was found that each metal from Sc to Fe is positively charged yetapolite<®

in the mon_ocarbonyl MCO systemt,J C?jns'Stth \.N'th t?e Notwithstanding the considerable research on carcinogens,
unsynchronized resonating-valence bond mechanism o Comany features of their formation and metabolism are still not

dissociation. For Co, Ni, and Cu, however, no net charge transfer g, nderstood. There is evidence that different carcinogen-
was found. Furthermore, higher metalCO charge transferis  44/ived alkylating agents react at specific guanine $kes.

obtained for the inclined molecule45° relative to the surface.)  oyygen alkylation is believed to be a critical mutagenic event,
T_he tll_teq state was identified as the precursor state for_ CO whereas nitrogen alkylation may be innocuous. The DNA to
dissociation. The observed preference for charge transfer in thecarcinogen electron-transfer mechard®eombined with MO
bent structure is consistent with the present model, since a bentyg|cyjations show that carcinogens are converted by metabolism
and charged adsorbed molecule is predicted as the intermediate, . strong electrophilic reactants. In the framework of RVB
state in the second step of the unsynchronized RVB mechanismneory, this electron transfer leads to the formation of a DNA
Our model was also extended t@ KA, B = N) interaction  carcinogen covalent chemical bond. We have calculated the
with transition metal surfaces as well as the diatomic molecules gjactron affinity (EA) of known carcinogens including some
Oz, H, and NO. In general, in the tilted configuration, large  common species such as water, ethanol, and glucose, which are
charge-transfer weakens—8 bonds and lowers stretching  found in animal plasma. The ultimate carcinogens have the
frequencies:~*72! We note, however, that more accurate VB pighest EAs compared to the original compound or to the other
calculations would be helpful in order to shed more light on  metaholites. On the other hand, ionization potential (IP)
how the CO bond and other diatomic-molecule bonds are fully cajculations of the 35 tautomers of the DNA bases indicate that
broken. For discussions regarding the types of unsynchronizedgyanine has the lowest IP, being the preferential base for
resonances that could be relevant for the phenomena describe arcinogen electrophilic attack. An analysis of HOMO contour
in Figure 5, see refs 2426. maps shows that DNA alkylation occurs at specific nitrogen
I1.6. Chemical CarcinogenesisOver 50 years ago Hammet  and oxygen sites, in agreement with experinfént!
suggested the correlation of biological response with electronic  To obtain an approximate view of the nucleophilic sites of
parameter? Since the pioneering work of Mille¥ it has been ~ DNA, we considered the HOMO energy of the DNA/RNA base
recognized that chemical carcinogens are, or are converted byunits. The tautomeric forms of these bases were also calculated.
metabolism into, electrophilic reactants that exert their biological Among the DNA bases, guanine has the highest HOMO energy
effects by covalent interaction with cellular macromolecules and can be considered the preferential site for carcinogen attack.
(DNA, RNA, and proteins§¢-3° In our previous work? large The major HOMO components of the guanine base are localized
electron affinities (EAs) were calculated for several families of at specific nitrogen and oxygen sites, indicating that these atoms
carcinogens, confirming experiments and other computational are the most appropriate centers for interaction with the
studies that show that these species react as electropfhits.  carcinogen. Experimental evidence leads to the same conclus-
The present analysis of the DNAarcinogen interaction implies  ion.35-37 Pauling and Camerdfpointed out that vitamin C has
that the ultimate chemical metabolite becomes covalently boundanticancer action. According to the present model one can
to liver DNA as a consequence of HOMO (DNA} LUMO consider that the protector agent competes with the substrate
(carcinogen) electron donation. This electron transfer, which (DNA, proteins) in donating an electron to the carcinogen. We
leads to DNA-carcinogen bond formation, can be described found that the ascorbate HOMO energy3(19 eV) lies well
in the framework of RVB theory (see Figure 6). The benefit of above the guanine HOMO energy 1.91 eV), indicating that
introducing Pauling’s theory is that it permits the rationalization the ascorbate ion is energetically favored for the interaction with
of the electron transfer process in terms of the molecular the carcinogen relative to the DNA base. It is known that
structure of the isolated molecules. Using the frontier orbital ascorbic acid metabolizes (almost 100%) to ascorbate anion in
approximation, the DNA-carcinogen interaction is treated as the human body. In general, anions have high HOMO energies
an electron transfer from the HOMO of DNA to the LUMO of and hence they can react as protectors. It has been reported that
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