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Tautomerism in the most-stable isomers of-fluanine complexes and their cations is studied with density
functional theory and second-order perturbation theory calculations. Electron propagator calculations on vertical
ionization energies and Dyson orbitals provide information on the electronic structure in the most-stable
neutral doublets, as well as in the corresponding singlets and triplets. FrguAhine complex consists of

a positively charged Al ion with two localized valence electrons coordinated to a negatively charged guanine
with an unpaired, delocalized electron. Three isomers have very similar energies; however, the most-stable
form has a markedly different ionization energy. lonization energies for the second and third forms almost
coincide. Predicted ionization energies are in close agreement with recent spectra. In all three cases, the first
ionization energy corresponds to a cationic, singlet final state where the unpaired, delocadieetton on

guanine has been removed, whereas the second ionization energy corresponds to the removal of an electron
from a 3s-like orbital on the Al ion. Changes in Mulliken charges and optimized structures between neutrals
and cations confirm these qualitative conclusions.

Introduction o]

The potential of some metals to interrupt DNA replication H
processes has been related to the ability of metals to stabilize () (N1)
tautomers of the DNA bases that are incompatible with the H ‘
formation of Watsor-Crick! base pairs and double helix&s. ) ®
Studies of metatDNA base complexes provide valuable NH,

thermodynamic and structural information relevant to discus- H
sions of metql effects_on biological processes invol_ving DN_A. Figure 1. Numbering scheme of guanine.
The current interest in DNA is not restricted to its role in . . ) )
biology. In particular, the advent of molecular electronics has have focusegson guanine complexes in which metal cations are
stimulated interest in regard to the possibility of exploiting this Pound to N7.° The binding of Na and K cations to guanine is
molecule in functional electronic devices and in molecular favored atthe N7 position, according to recent density functional
computing®® Metals complexed with DNA may function as theory (DFT) calculation8Little is known about the energetics
electron acceptors or donors and have been successfully use@' Properties of isomers of metaguanine complexes in which
to study charge transport through strands of DNA. This may the metal binds to sites other than N7. It is not clear whether
make DNA useful as a molecular wire in molecular-scale an analogous affinity for N7 also applies to neutral metal atoms.
electronic devices. Model complexes have been prepared to A study of gas-phase Alguanine complexes prepared with
explore systematically how different structural and electronic laser ablation and characterized by photoionization spectroscopy
factors may influence electron-transfer reactions. The DNA helix and mass spectrometry has recently been repéttetiotoion-
represents a novel medium for examining electron-transfer ization efficiency spectra were collected and used to determine
processeés’ such as charge transport througtstacks. the ionization energies of gas-phase-8uanine. Variations in

In theoretical studies of metal complexes with DRIA8 the the conditions of the laser-ablation source produced two different
best metal-binding site of the DNA bases seems to be N7 (seeiSomers. In this experiment, the onset of an ion signal can be

Figure 1). Most theoretical studies of met@NA interactions associated with the adiabatic ionization energies of each
complex, whose values are 5460.1 and 4.65+ 0.01 eV. This

* Author to whom correspondence should be addressed. E-mail: INterpretation was confirmed by DFT calculations, which
martina@matilda.iimatercu.unam.mx. suggested that the more stable form, with the larger adiabatic
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Figure 2. Optimized AF-guanine complexes, relative energies, and vertical ionization energies.

ionization energy, corresponds to a previously unencounteredPerdew 86 function& and the 6-31+G(2d,p) basidd® A

structure where both N atoms in the five-membered ring of systematic examination of tautomers and megalanine coor-

guanine are covalently bound to H atoms. dination geometries was undertaken. Optimized minima were
A more thorough theoretical investigation is presented in this verified with frequency calculations. Visualization of the results

work. First, previously ignored tautomeric structures are inves- was done with the Cerius packdfjeand the MOLEKEL®

tigated. Energetic and structural differences between the most-program.

stable forms are examined with second-order perturbation Electron Propagator Calculations. The most-stable struc-

theory, which is a technique more likely to properly describe tures were reoptimized at the MP2/6-311G** level. Electron

dispersive interactions between metal centers and guaninepropagator calculatiodwere performed in the P3 approxima-

Vertical ionization energies of the most-stable isomers pertaining tion”-18on the reoptimized structures with the same basis, using

to cationic singlets and triplets are calculated with ab initio a modified version of Gaussian 98P3/6-311G** calculations

electron propagator calculations. Corresponding Dyson orbitals have enjoyed extensive success in the accurate prediction of

describe differences in the electronic structure between neutralphotoelectron spectra of DNA bas€9yson orbitals pertaining

doublets and cationic final states. Assignments of experimental to each of the ionization energies are plotted with MOLDEN.

ionization energies are made and qualitative conclusions on theFor each ionization energy, there is a Dyson orbital, defined

nature of bonding between the Al atom and guanine are drawnby

from these calculated data. Atomic charges provide qualitative

confirmation of these conclusions. In addition, harmonic @™*(x,) = N"2 ['W\(x, X, X, ..., Xy) x

vibrational frequencies, which are byproducts of the structural *

investigations, also are presented. P 100X X e Xy) Oy O X, ... OBy

Methods where the initial and fi'nal many-electron states hak/endN
— 1 electrons, respectively. Thus, the Dyson orbital represents
Density Functional Calculations.All calculations have been  an overlap between two states with different numbers of
performed with Gaussian 98.Full geometry optimization electrons and is a correlated generalization of a canonical,
without symmetry constraints was performed using the Becke Hartree-Fock orbital.
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Figure 4. Tautomers of the second Afuanine complex, relative

Figure 3. Tautomers of the most-stable Ajuanine complexes,  €nergies, and vertical ionization energies.
relative energies, and vertical ionization energies.

3, the tautomers of the most stable complex are shown. There
are two stable structures, with an energy difference of 2.5 kcal/
Density Functional Calculations.To determine the position ~ mol. Figure 4 contains the tautomers of the second isomer. The
of the Al atom in the At-guanine complex, several initial  energy differences, with respect to the global minimum, are
geometries were used. We considered the Al atom bound toshown. For this isomer, there are also two stable tautomers;
the N7 or N3 atom, the Al atom inserted into the-Nd bond, however, the energy difference is slightly higher (5.2 kcal/mol),
and the Al atom bridging the N3 and N9 positions. Figure 2 in comparison with the first isomer (2.5 kcal/mol). For-Al
shows all the geometries that were optimized. Several initial guanine, there are two stable isomers, each with two stable
structures where the Al atom interacts wittrings also were tautomeric forms, within 10 kcal/mol, as can be observed in
examined. Vertical ionization energies are included. There are Figure 5.
seven stable structures, with an energy difference 2 kcal/ These results suggest that the Al atom is bound to the O and
mol. The most-stable structures are planar, with the Al atom N atoms in the Al-guanine species present in the experiment
bound to the O atom of the guanine. The first structure has anand that Alguanine bonding chiefly involves aluminum
Al bridge between the N1 and O positions, whereas the secondinteraction with lone pairs. The most stable isomer is one in
structure has the Al bound to the O and N7 atoms. The energywhich both of the N atoms in the five-membered ring of guanine
difference between these two structures is 4.1 kcal/mol. In both are bound to H atoms. This unusual form was first proposed in
isomers, the formation of AlO—N bridges suggests that this  the original experimental repoi.
geometry is characteristic of neutral metBINA complexes. The lowest species in Figure 5 are the most thermodynami-
Similar results have been obtained for Al complexes with cally stable forms of Al-guanine in the gas phase. Chemical
cytosine?! The predicted vertical ionization energy of the most  properties of both isomers can be expected to differ significantly.
stable structure is 5.65 eV. This value is in reasonable agreementA higher ionization energy will characterize a species with a
with the experimentally determined photoionization threshold higher oxidation potential. Differences between vertical and
of 5.6 £ 0.1 eV. The second experimental value (469.01 adiabatic ionization energies were obtained by optimization of
eV) is comparable to the 4.77 eV vertical ionization energy the cations of the most-stable isomers and tautomers. Figure 6
predicted for the second-most-stable isomer of Al-guanine. The shows the optimized structures of the cationic systems. All
binding of metal ions to DNA bases is known to affect the systems are singlets, whereas the neutrals are doublets. Signifi-
relative stabilities of keto and enol isomér&. Complexation cant structural changes occur between the neutral (Figure 5)
with Al stabilizes the keto form of guanine, relative to the enol and cationic (Figure 6) geometries. The biggest difference
form. pertains to the AFN bond distance. For the cationic species,
Several tautomers of each of the two most-stable complexesthis bond length is larger than that for the neutral geometry.
were optimized. The lowest-energy tautomers of both isomers The stability order of the cationic systems is different. The most
are shown in Figures 3 and 4, and they are keto forms. In Figure stable cation corresponds to the third neutral structure. The most

Results and Discussion
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AE N i ,
P GUANNE AL siifontdia2 energies differ markedly, because of the distinct geometries of
neutrals and cations.

Harmonic vibrational frequencies and Mulliken atomic charges
are shown in Table 1. The charges provide an approximate guide
to differences in electronic distributions pertaining to vertical
and adiabatic ionization energies of the neutral complexes.
(Charges for cations are given for the optimized neutral and
cationic geometries.) These charges indicate that the O atom is
negative and the Al atom is positive in all the isomers (neutral
and cationic), as expected from the electronegativities of oxygen
and aluminum. Because the aluminum is positive and the overall
charge of the guanine is negative, the complex seems to have
ionic character.

Electron Propagator Calculations. Electron propagator
calculations were preceded by MP2/6-311G** reoptimizations
of the three lowest structures found with DFT methods.
Dispersion interactions between Al and guanine are likely to
be described better with MP2 than with DFT methods, and
significant differences between optimized geometries are ob-
tained. Although the lowest structure undergoes very little
rearrangement of the nuclei, in the other two structures, there
is somewhat greater nonplanarity in the Al positions and in the
pyramidalization of the amine nitrogen. In addition, the order
of the second and third isomers of Figure 5 is reversed and the
corresponding MP2 isomerization energies, relative to the lowest
structure, are 7.9 and 11.2 kcal/mol. However, spin contamina-
tion is not uniform in the three structures. TE&Ovalues are
0.77, 0.86, and 0.92 for the three structures, respectively.

- Therefore, spin-projected MP2 energies were evaluated. Pro-
Figure 5. Four most-stable Atguanine complexes, relative energies, jected values of®are 0.75, 0.76, and 0.77, respectively.
and vertical ionization energies. Corresponding relative energies for the second and third isomers
are 4.2 and 5.5 kcal/mol. Relative energies at the MP2 level,
especially of this low magnitude, are not definitive; however,
they do indicate the need to consider all low-lying isomers in
1.29 the interpretation of experiments based on laser-ablation syn-
thesis of the gas-phase species.

Results of P3/6-311G** electron propagator calculations on
the vertical ionization energies of the three lowest isomers are
shown in Table 2. In each case, the lowest singlet and triplet
states of the cation were studied. For the lowest isomer, the
lowest vertical ionization energy is 5.99 eV. This value is
somewhat higher than the DFT value and the experimental value
of 5.6 + 0.1 eV that pertains to the photoionization threshold.
The latter datum is likely to apply to an adiabatic ionization
energy, and the calculated result provides a reasonable upper
bound. In Figure 7, the Dyson orbital pertaining to the first
ionization energy is shown. The largest amplitudes in this
orbital are found on the two C atoms between the N1 and N7
positions. Contributions from atoms in the five-member ring
are also important. Minor lobes on the O and N1 centers also
are present. Thus, the least-bound electron is localized on the
guanine; Al contributions are very small. One may infer that
the neutral complex may be described approximately as a
complex of a guanine anion and an Al cation. The importance
of such charge-transfer states in metaNA complexes was
proposed in a previous publication regarding the photochemistry
of cytosine?! When an electron is removed from this Dyson
orbital, the Al cation is subject to an enhanced positive charge
at the nearest C atom and it rotates to a relatively remote position
while preserving its strong ionic bond with oxygen. A vertical
ionization energy corresponding to an excited state of the cation
stable neutral structure corresponds to the third one of the cation.of the lowest structure is predicted at 7.42 eV. Here, the final
This reordering might be expected when the energy differencesstate is a triplet. In the Dyson orbital plot, the largest amplitudes
are so small. In contrast, vertical and adiabatic ionization are localized in an s-like lobe on the aluminum.
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Figure 6. Optimized cationic structures corresponding to the four most-
stable neutral structures, relative energies, and adiabatic ionization
energies.
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TABLE 1: Harmonic Vibrational Frequencies and Mulliken Atomic Charges for the Most-Stable Neutral Complexest

Atomic charges | Atomic charges Harmonic
(neutral) (cations) Frequencies
not optimized

Al=0.39 63 129134179 219
0=-048 273 308 332 383 405

Al=0.24 C=046 418 440 462 481 495
0=-0.55 N=-0.39 569 615 620 668 692
C=0.37 699 739 799 874 1014
N =-043 optimized 1041 1048 1078 1145

Al =0.56 1195 1284 1296 1326
0 =-0.58 1368 1397 1417 1458
C=049 1568 1582 1607 3052
N =-0.45 3495 3560 3613

not optimized
Al =0.45 37 63 110188 203
0=-0.49 253 300 320 329 367

Al=0.23 C=0.46 375 451 462 492 564
0=-057 N =-0.38 566 598 607 615 670
C=042 683 692 815 908 996
N =-0.42 optimized 1019 1044 1111 1150

Al=0.60 1196 1244 1268 1334
0=-0.59 1366 1425 1459 1468
C=0.52 1543 1564 1606 3195
N =-0.48 3437 3481 3546 3568

not optimized
Al=0.40 55 105 151 156 205

Al=0.12 0 =-044 275 292 322 337 368
0=-0.53 C=0.50 393 398 456 475 512
C=045 N=-0.28 524 580 593 604 658
N =-0.32 688 706 809 895 972

optimized 993 1069 1101 1131
Al =0.52 1230 1248 1305 1334
0 =-0.51 1348 1414 1435 1510
C=0.56 1543 1585 1594 3214
N =-0.31 3455 3493 3537 3558

not optimized
Al =0.46 58 76 109 170 238

Al=0.25 0 =-0.50 276 289 321 352 405
0=-0.58 C=0.58 436 452 472 540 543
C=0.52 N =-0.26 588 607 640 648 683
N =-0.30 707 745 824 892 917

optimized 1039 1069 1118 1150
Al =0.55 1223 1251 1306 1313
0=-0.55 1344 1386 1404 1484
C=0.57 1510 1576 1601 3192
N=-0.31 3281 3382 3515 3539

a“Optimized” denotes the atomic charge in the cation for a cationic geometry, and “not optimized” represents that for an optimized neutral
geometry.

In the second-most-stable structure, ionization energies lowest structure. For the lowest ionization energy, where the
pertaining to singlet and triplet final states are calculated to final state is a singlet, the Dyson orbital still has large ampli-
be 4.52 and 6.82 eV, respectively. The former datum is in tudes on the C atom that is nearest to the Al atom. As in
good agreement with the experimental value of 446%.01 the first structure, the removal of an electron from this
eV. The presence of an isomer with a lower ionization orbital causes the Al cation to rotate away from the six-
threshold is produced by the introduction of ammonia gas member ring while maintaining its strong bond to oxygen.
in the plasma source. Dyson orbitals for this structure (Figure Some distortion of the Dyson orbital, with respect to its
8) are approximately similar to their counterparts in the counterpart in the lowest isomer, is obtained. In the second
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Figure 7. Dyson orbitals for ionization energies pertaining to singlet

(o) and triplet 3) states of the cation of the lowest structure. B
TABLE 2: P3/6-311G** Vertical lonization Energies Figure 8. Dyson orbitals for ionization energies pertaining to singlet
vertical ionization energy (eV) (o) and triplet ) states of the cation of the second-lowest structure.
final state structure 1 structure 2 structure 3 .
- Conclusions
singlet 5.99 4.52 5.82
triplet 7.42 6.82 7.23 The most stable structure of the -Aguanine complex has

two N—H bonds on the five-member ring. The metal atom

Dyson orbital, localization on an s-like lobe of the aluminum bridges between the O and N1 positions. This unprecendented
is observed again. structure has an ionization energy that may be assigned to the

Deviations from planarity in the third structure are evident photoionization threshold at 5.6 0.1 eV, which has been
from an examination of the corresponding Dyson orbitals in observed in recent experimefsAn electron is removed from
Figure 9. For the singlet final state, the vertical ionization energy a & Dyson orbital that resides chiefly on the guanine. In the
is 5.82; for the triplet final state, the corresponding transition corresponding cationic state, the oxygen-bound Al atom is more
energy is 7.23 eV. The near coincidence of the lowest vertical remote from the N1 atom. Depletion of the electronic charge
ionization energy calculated for this isomer with its counterpart in the nearest C atom, which has large amplitudes in the Dyson
for the lowest isomer (5.99 eV) and the small isomerization orbital, explains this structural change in the cation. A higher
energy that separates the two neutral species suggests that thi@nization energy is predicted to correspond to a Dyson orbital
experimental peak could have contributions from both isomers. that consists chiefly of s-functions on aluminum.
In the first Dyson orbital, there is some mixing betweeand At an energy~4 kcal/mol higher, one can find an Al
7 lobes. The distribution of this orbital over the atomic centers guanine complex where the metal atom bridges between the O
also is changed, relative to the two lower isomers. As mentioned and N7 atoms. The ionization energy of this species is similar
previously, there is little localization on aluminum in this case. to that of the spectral feature at 4.685 0.01 eV, which is
The opposite is true for the second Dyson orbital, which is produced under different source conditid$he Dyson orbitals
dominated by an s-like lobe on aluminum. corresponding to the first and second ionization energies

For all three structures, the least-bound electron correspondscalculated with electron propagator theory remain localized on
to a delocalized Dyson orbital that is spread over many guanine guanine and on the metal atom, respectively. Structural changes
atoms. In the two lowest structures, the Dyson orbital is clearly in the cations are responses to the removal of negative charge
of the 7 type. At higher ionization energies, there are corre- from the C atom nearest to the Al atom.
sponding Dyson orbitals, which consist chiefly of s-functions A tautomer of the lowest structure is the third-most-stable
on aluminum. Therefore, the neutral complex consists approx- isomer in MP2 calculations, but it is within 1 kcal/mol of the
imately of a guanine anion and an Al cation with two valence second structure. lonization energies of this structure are similar
electrons in an s-like lobe. A bound guanine anion with an un- to those of the lowest isomer. The distribution of the Dyson
paireds electron has not yet been encountered in the gas phaseorbitals also is qualitatively similar. The observed spectral
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