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Abstract: Anionic states of guanine, which is the only nucleic acid base of which the anions have not yet
been studied in either photoelectron spectroscopic (PES) or Rydberg electron transfer (RET) experiments,
have been characterized for the four most stable tautomers of neutral guanine using a broad spectrum of
electronic structure methods from the density functional theory, with the B3LYP exchange—correlation
functional, to the coupled-cluster method, with single, double, and perturbative triple excitations. Both valence
and dipole-bound anionic states were addressed. We identified some of the difficulties facing future PES
or RET experiments on the anion of guanine. Even if guanine is successfully transferred to the gas phase
without thermal decomposition, it is critical to have the canonical amino—oxo (G) and both amino—hydroxy
(GH and GHN7H) tautomers in the beam, not only the most stable, a noncanonical, amino—oxo tautomer
(GN7H), as the latter does not support an adiabatically bound anionic state. We also suggested a scheme
for enrichment of gas-phase guanine with the canonical tautomer, which is not the most stable in the gas
phase, but which is of main interest due to its biological relevance. The tautomers G, GN7H, and GHN7H
support vertically bound valence anionic states with the CCSD(T) value of vertical detachment energy of
+0.58, +0.21, and +0.39 eV, respectively. These anionic states are, however, adiabatically unbound and
thus metastable. The vertical electronic stability of these valence anionic states is accompanied by serious
“buckling” of the molecular skeleton. The G and GHN7H tautomers support dipole-bound states with the
CCSD(T) values of adiabatic electron affinity of 65 and 36 meV, respectively. A contribution from higher-
than-second-order correlation terms represents, respectively, 48 and 68% of the total vertical electron
detachment energy determined at the CCSD(T) level.

1. Introduction The results of an ESR study of the relative distribution of
ion radicals formed iry-irradiated DNA suggested that the anion

The nucleic acid bases (NABS) are elementary building blocks g giyided between the pyrimidine bases, but the excess electron

of DNA, which is responsible for storing genetic information i ot |ocalized on guanineéThe reason is that the relative

in cells. Low-energy electrons and hydroxyl radicals are among g|ectron affinities favor cytosine and thymine over guanine and
the most reactive species formed upon interaction of high-energy o yanine

radiation with living cells. Low-energy electrons might become In the past, a large number of theoretical and experimental

trapped on nucleic acid bases, and the resulting radical anionsgy,gies were focused on determination of electron affinity of
might participate in chemical reactions whlch can lead to DNA \aBsin the gas or condensed phases. Anions of hydrated NABs
damagé. For example, the rece.nt gxperlments of Sanche and gre pelieved to support an excess electron on a valence-type
co-workers suggested that anionic states cause S'r_‘gle',anqnolecular orbital, as suggested by many experiméagivell
double-strand breaksFurthermore, the charged nucleic acid 5 theoretical datdHowever, the existence of stable anions of
_bases pI3a3éa key role in the electron and hole transfer phenomenq\IABS in the gas phase has long been a point of discussion.
in DNA. Computational studies conducted as early as the 1960s had
predicted negative values of adiabatic electron affinity (AEA)

T Pacific Northwest National Laboratory.

* University of Gdansk. (6) Voityuk, A. A.; Michel-Beyerle, M. E.; Rosch, NChem. Phys. Let2001,

(1) Sanche, LMass Spectrom. Re2002 21, 349-369. 342, 231-238.
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An important development occurred in mid 90s when Adamow- A AG [kcal/mol] :
icz and co-workers found stable but loosely bound anionic states Q_
supported primarily by the large dipole moments of neutral e OO

NABs 13715 2.83-
These insightful theoretical predictions were followed by ‘/O”\—'f \ ﬁﬂm
experimental studies aiming to characterize anions of NABs in Y)\,\O‘/- y ‘/Ok—’ﬂ*
the gas phase. Bowen and co-workers studied uracil and thymine om_”"g’ 0B —Cen %;\/Q/
by negative ion photoelectron spectroscopy (PESThe “_ﬁm Hae=3.04D -u.sa"GT
adiabatic electron affinities were found to be 237 meV for Hurs=1.78D

uracil and 6% 7 meV for thymine and were assigned to dipole- Figure 1. Tautomers of neutral guanine. Relative Gibbs free energy
bound states. Desfrancois, Abdoul-Carime, and Schermanndetermined at the CCSD(T)/aug-cc-pVDZ level using the MP2/aug-cc-pVDZ
produced gas-phase anions of NABs in charge-exchange col-980metries and thermal corrections.

lisions with laser-excited Rydberg atoms and reported the
following values of AEA: 544 35 meV for uracil, 68+ 20
meV for thymine, and 12 5 meV for adeniné’ The latter
authors also concluded that uracil and thymine have positive
electron affinities for valence anionic states. Schlag and co-

workers presented photodetachmeptotoelectron spectra of ! 8
the pyrimidine NABst® They found a dipole-bound state of reported values of the AEA of guanifi&evilla and co-workers

uracil at 86+ 8 meV, thymine at 62- 8 meV, and cytosine at suggested that inclusion of diffuse functions in the basis set
85+ 8 meV ' ' can result in contamination of the valence state with the dipole-

bound state. In their calculations, they used only small 6-31G(D)
and D95V(D) basis sets that do not provide a sufficient

solvation, as reported by Bowen and co-workéra. transfor- extendedness to support a dipole-bound state, and they reported
mation from the dipole-bound to covalent anion of uracil was . i ’ .
P a negative value of the AEA of0.75 eV for the canonical

demonstrated upon solvation by a single noble gas atom or water, ) . .
molecule. Their photoelectron spectra show that complexes Oftautomer of guanine with the B3LYP exchangmrrelation
uracil with argon or krypton support only dipole-bound anions, functlone.d. ) )
but a complex of uracil with a more polarizable xenon atom  The dipole-bound states of guanine were studied by Ad-
can support both a dipole-bound and valence anionic state tha@mowicz et al® In their 1994 study, they showed that the two
can be distinguished easily by different values of electron ver- tautomers of guanine, denoted G and GH in Figure 1, have
tical detachment energy (VDE) and the shape of the PES feature Positive electron affinities, 0.034 and 0.00038 eV, respectively,
The anionic complex of uracil and water was found to exist as determined at the MP2/6-BG*X level of theory using the
only as a valence anion. This study has convincingly demon- SCF/3-21-GX geometry (where X stands for a set of three sp
strated that anions of NABs might exist in dipole-bound states Shells with very small exponents). The relative energies of
in the gas phase but convert to valence anions upon solvation tautomers of neutral guanine were also presented. A difference
Valence anionic states of NABs were probed in low-energy I Stability between the oxeamino (G) and hydroxyamino

electron transmission spectroscopy experiments of Burrow and (GH) fomlf was found to b*‘i only 0.1 kcal/mdht the MP2/
collaboratorg® They reported a vertical attachment energy ©-31T+G*//SCF/6-31++G** level. Adamowicz and co-

(VAE) of —0.46 eV for guanine and assigned it to an enol Workers concluded that the significant difference in the AEA

(amino—hydroxy) tautomer. The negative value means that the Values for the oxeamino and hydroxyamino tautomers
probed anionic state is unbound with respect to the neutral atShould lead to a significant difference in the tautomeric equilib-

primarily with the density functional theory (DFT) method using
different exchangecorrelation functionals and basis s&tg?

All but one suggested a negative value of the AEA (i.e., the
anion was less stable than the neutral). The most recent study
on electron affinities of NABs questioned the previously

An important evolution of anions of NABs occurs upon

the optimal geometry of the neutral. rium between the neutral and anionic guanine in the gas phase.
The past computational studies were focused primarily on ~ Many theoretical studies were devoted to the tautomers of
valence anionic states of the canonical tautomer of gudiii@.  neutral guanin&-2° Four low-energy tautomers were identified

The values of adiabatic electron affinity (AEA) were obtained (two amino-oxo and two amine hydroxy; see Figure 1), with
an amine-oxo form having hydrogen at N7 (GN7H) being the

(11) Younkin, J. M.; Smith, L. J.; Compton, R. Nheor. Chim. Actd 976 41, most stable. In a recent paper, Hobza and co-workers determined

12) %;50753;65’ R. N.: Yoshioka Y.: Jordan, K. Dheor. Chim. Actd.98Q 54, relative energies of tautomers of guanine.characterizgd at the

) isdg—zeo._ L3, Phys. Chem1993 97 11122-11123 CCSD(T)/aug-cc-pVDZ level of theory using geometries ob-

amowicz, L.J. yS. e f . . N

(14) Oyler, N. A’; Adamowicz, LChem. Phys. Lett1994 219, 223-227. tained with the RI-MP2/TZVPP methddThe GN7H tautomer

(15) 560;@%6- H.; Oyler, N. A;; Adamowicz, IChem. Phys. Let1994 225 was found to be 0.69 kcal/mol lower in energy than the

(16) Hendricks, J. H.; Lyapustina, S. A.; de Clercq, H. L.; Snodgrass, J. T.; canonical tautomer (amirexo N9—H, denoted as G in Figure
Bowen, K. H.J. Chém. Phys1996 104, 7788-7791. i i

(17) Defrancois, C.; Abdoul-Carime, H.; Schermann, J.Zhem. Physl996 l) ?’nd 0.44 keal/mol lower in terms of Gibbs free energy.
104, 7792-7794. Amino—hydroxy tautomers, denoted GH and GHN7H (see

(18) Schiedt, J.; Weinkauf, R.; Neumark, D. M.; Schlag, E. @em. Phys. i ;
1008 239, 511-524. Figure 1), are less stable than the amioxo tautomers.

(19) Hendricks, J. H.; Lyapustina, S. A.; de Clercq, H. L.; Bowen, K.JH. Experimental and theoretical results are consistent, and four
Chem. Phys1998 108 8—11.
(20) Aflatooni, K.; Gallup, G. A.; Burrow, P. DJ. Phys. Chem. A998 102

6205-6207. (23) We use eV for adiabatic electron affinities and vertical detachment energies,
(21) Wetmore, S. D.; Boyd, R. J.; Eriksson, L. 8hem. Phys. Let200Q 322, and kcal/mol for relative energies of tautomers of guanine in the neutral
129-135. and anionic state. We use a conversion factor 1=e¥3.068 kcal/mol.
(22) Wesolowski, S. S.; Leininger, M. L.; Pentchev, P. N.; Schaefer, H. F., Ill.  (24) Hanus, M.; Ryjacek, F.; Kabelac, M.; Kubar, T.; Bogdan, T. V.
J. Am. Chem. So001, 123 4023-4028. Trygubenko, S. A.; Hobza, B. Am. Chem. So003 125 7678-7688.
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AE [kcal/mol] not only the most stable GN7H tautomer, as the latter does not

— ; support a bound anionic state. We also suggest an experimental
procedure for how to enrich the gas-phase guanine with the
canonical tautomer G.

2. Methods

GHN7H  ~“ha,,GHN7H _ _
We use the notation of Adamowicz et'alfor the tautomers of

ey=4.24D 240 —————
- a,,,GHN7H guanine. The canonical tautomer, amitaxo N9—H, is named “G”,
0.00 0.05 VDE=0.034eV . i . )
G na,.G and its amine-hydroxy form is called “GH”. Another amineoxo
Re=6-300 g 49 6 N7—H tautomer and its amirehydroxy counterpart are called “GN7H”
VDE=0 0636V and “GHN7H", respectively (see Figure 1). Additional prefixes “a”
Figure 2. Dipole-bound anionic states of guanine. Singly occupied orbitals and “na” are used to distinguish properties of the anion and neutral,
plotted with a spacing of 0.003 bot#2 respectively, determined at the minimum energy structure of the anion

(Figures 2 and 3). Finally, the “val” or “dbs” subscript discriminates

tautomeric forms of guanine have recently been detected in thebetween the valence and dipole-bound anionic states.
gas phasé?s! The gas-phase geometries of neutral and anionic tautomers of guanine

In this paper, we focus on both valence and dipole-bound were optimized using the density functional method with the B3LYP
anionic states of guanine. Guanine is the only NAB of which €xchange-correlation functiondf~** and the second-order Maller
the anions have not yet been characterized in either PES orPlesset (MP2) method. The 6-3t®** and augmented correlation-
Rydberg electron transfer (RET) experiments. Recent efforts icno?hsésg‘isg":;zaﬂﬂogzdgglzﬁg%grgc;E\S/Eezc)ﬁszz;s Iiez’:’g;ggﬁg or
to detgrmlne pr(_)pertles of anionic g.uamne m. the PES and RET dipole-bound anions, the aug-cc-pVDZ set was supplemented with five
experiments failed because guanine readily decomposes al

) Edditional s and p functions placed on the- N9 and H-N7 hydrogen
elevated temperaturésGuanine and other NABS also undergo o the G and GHN7H tautomer, respectively. The exponents of the

dissociation upon an excess electron attachment. Guanineexira diffuse functions form a geometric sequence with a progression
however, dissociates into molecular fragments, whereas otherconstant of 1/3.22 and the sequence starts from the smallest s exponent
bases undergo primarily a detachment of a NH hydrogen &tom. in the original aug-cc-pVDZ basis set. The spin contamination was
In view of the instability of guanine in the gas-phase negligible for dipole-bound anions and relatively small for valence
experiments, theory provides indispensab|e tools for character-anions. Indeed, the value of &r valence anions described with the
izing valence and dipole-bound anionic states of various UHF and UB3LYP wave functions did not exceed 0.83 and 0.76,
tautomers of guanine. Our study covers electron binding to the "6SPectively. _ _ o
G, GH, GN7H, and GHN7H tautomers, and electronically bound The most accurate electronic energies for the neutral and anionic

states are characterized at the coupled-cluster level of theoryguanlne were calculated at the coupled-cluster level of theory with

. . . . . o single, double, and perturbative triple excitations (CCSO{W)th the
with single, douple’ and noniterative ”'F"e eX_C'tatlonS aug-cc-pVDZ basis set at the optimal MP2 geometries. The open-shell
(CCSD(T)) and basis sets of aug-cc-pVDZ quality. An important ccsp(T) calculations were carried out at the RIUCCSD(T) level. In

finding is that the valence anionic states are adiabatically this approach, a restricted open-shell HartrEeck calculation was
unbound, though the G, GN7H, and GHN7H tautomers support initially performed to generate the set of molecular orbitals, and the

vertically bound valence anionic states; that is, the anion is more spin constraint was relaxed in the coupled-cluster calculdtidfThe
stable than the neutral at the equilibrium anionic geometry. We relative energies of the anion with respect to the neutral were corrected
also demonstrate that a dipole-bound anionic state supportedor zero-point vibrations; the relative free energies were obtained by
by the canonical tautomer G is more stable than the most stablgincluding the zero-point vibration energy, thermal corrections, and
neutral tautomer GN7H accompanied by a free electron. The entropy terms calculated at either the B3LYP or MP2 levelsTier

GN7H tautomer does not support a dipole-bound state. Thus,2%8 K andp =1 am in the harmonic oscillator rigid rotor
approximation.

the excess electron binding compensates the inherent instability ) . . .
f1h ical taut ith tto GNTH. Finall ithi For dipole-bound anions, we applied a standard approach for analysis
otthe canonical tautomer with respect to - rnally, Within - o¢ e values of VDES 47 First, the VDE was calculated at the

iopf-3 i :
the_ PC_M model of hydratIO?ﬁ_ ° z_i" four tautqmers SUPPO” Koopmans' theorem levelDKT) and then supplemented with orbital
adiabatically bound valence anionic states. Trying to assist future
PES and RET gas-phase experiments, we suggest that it ig36) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.
critical to have the G, GHN7H, and GH tautomers in the beam (373 Becke, A. D.J. Chem. Phys1993 98 5648-5652.
)

' (38) Lee, C.; Yang, W.; Paar, R. ®hys. Re. B 1988 37, 785-7809.
(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
(25) Leszczynski, J. lEncyclopedia of Computational Chemist8chleyer, P. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
v. R., Ed.; John Wiley: Chichester, U.K., 1998; p 2951. R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
(26) Szczepaniak, K.; Szczesniak, M.Mol. Struct.1987 156, 29—42. K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
(27) Dolgounitcheva, O.; Zakrzewski, V. G.; Ortiz, J. ¥. Am. Chem. Soc. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
200Q 122 12304-12309. Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Salvador, P.;
(28) Leszczynski, JJ. Phys. ChemA 1998 102, 2357-2362. Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
(29) Colominas, C.; Luque, F. J.; Orozco, M. Am. Chem. Sod 996 118 Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
6811-6821. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin,
(30) Piuzzi, F.; Mons, M.; Dimicoli, I.; Tardivel, B.; Zhao, @hem. Phys. R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara,
2001, 270, 205-214. A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.
(31) Mons, M.; Dimicoli, |.; Piuzzi, F.; Tardivel, B.; Elhamine, M. Phys. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,
Chem A 2002 106, 5088-5094. J. A. Gaussian 98Gaussian, Inc.: Pittsburgh, PA, 2001.
(32) Bowen, K. H.; Shermann, J. P. Private communication. (40) Gutowski, M.; Simons, JI. Chem. Phys199Q 93, 3874-3880.
(33) lllenberger, E.; Presented at the Workshop on Interaction of Slow Electrons (41) Taylor, P. R. In_Lecture Notes in Quantum ChemistryRoos, B. O., Ed.;
with Molecular Solids and Biomolecules, Harvard-Smithsonian Center for Springer-Verlag: Berlin, 1994.
Astrophysics, October 1618, 2003 (http://itamp.harvard.edu/slowelec-  (42) Rittby, M.; Bartlett, R. JJ. Phys. Chem1988 92, 3033-3036.
trons.html). (43) Knowles, P. J.; Hampel, C.; Werner, H3JChem. Phys1994 99, 5219-
(34) Miertus, S.; Tomasi,.Zhem. Phys1982 65, 239-245. 5227.
(35) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117-129. (44) Deegan, J. J. O.; Knowles, P.Chem. Phys. Lettl994 227, 321-326.
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0.00 —
G -0.76 GN7H

255" GHNTH

VDE=0.394eV

Figure 3. Vertically bound valence-type anionic states of guanine. Singly occupied orbitals plotted with a spacing of 0:62. bohr

relaxation and electron-correlation contributions. The polarization of
the neutral ) by the excess electron and the effect of back-polarization
are taken into account when the SCF calculation is performed for the
anion, and the accompanying induction effects are given by

SCF_

SCF KT
ind =D -D

A 1

where

DSCF = EﬁCF_ EiCF @)
and EX°F and E5C are the SCF energy of the neutral and the anion,
respectively.

The dispersion interaction between the loosely bound electron (Ibe)
andN was extracted from the MP2 contribution @ The dispersion
term is a second-order correction with respect to the fluctuation
interaction operatofS and it is approximated here byD{c?, which
takes into account proper permutational symmetry for all electrons in
the anion

|Dsbioel |,
ac r<sea+ Che — & — &

MP2

02)
~ disp

Edisp

®)

whereg, andgine are spin orbitals occupied in the UHF wave function;
@r andgs are unoccupied spin orbitals, aaés the corresponding orbital
energy.
The total MP2 contribution t® defined as
ADMP2 = pMP2 _ pSCF

(4)

is naturally split into the dispersion and nondispersion terms

ADMP? = ADYP? -+ ADNP2

p no—disp (5)
with the latter being dominated by the correlation correction to the
static Coulomb interaction between the Ibe and the charge distribution
of N.

Finally, a higher-order correlation contribution@ofrom single and
double excitations is obtained by subtracting the MP2 result from the
coupled-cluster CCSD result

AHOSD — DCCSD _ DMPZ (6)

and an approximate contribution from triple excitations is obtained by
subtracting the CCSD and CCSD(T) valuesDof

AHOT — DCCSD(T)_ DCCSD (7)

(45) Gutowski, M.; Skurski, PJ. Phys. Chem. B997 101, 9143-9146.
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The 1s orbitals of carbon, nitrogen, and oxygen were excluded from
electron correlation treatments throughout this study.

Guanine in the gas phase does not support a bound valence anionic
state at the geometry of the neutfalA question that we address in
this study is whether the regions of the potential energy surface that
support a bound valence anion are also minima. In other words, are
there minimum energy structures at which the anion is vertically bound?
What intramolecular distortions are required to render the anionic state
bound with respect to the neutral, and what energetic effects are
accompanying these distortions? Answering these questions will allow
the determination of whether the anions are adiabatically or only
vertically bound, or not bound at all.

Sevilla et al. addressed a probfeof which set of atomic orbitals
should be used in calculations of valence anions of polar molecules,
such as guanine, which are characterized by negative values of vertical
electron affinity, that is, the valence anion is unbound with respect to
the neutral at the optimal geometry of the neutral, but which support
dipole-bound anionic states. The latter anionic states are typically bound
by less than 70 meV even for molecules with dipole moments as large
as 6 D. There is a dilemma as to which basis set should be used in
calculations for the valence anionic state. On one hand, it is known
that extended basis sets supplemented with basis functions with small
exponents are required to properly describe diffuse charge distributions
of molecular aniong® On the other hand, optimization of the wave
function for an unbound anion of a polar molecule might converge to
a solution which is contaminated with a dipole-bound contribution if
an extended basis set is used. Indeed, Sevilla et al. reported such a
behavior in the B3LYP calculations with 6-3G* and D95V(D)
basis sets for the valence anion of guanine. In consequence, they could
only estimate the values of vertical and adiabatic electron affinity of
guanine in the gas phase from the results obtained with sets of compact
basis functions and basis set saturation trends for other nucleic acid
bases.

Our approach to this basis set dilemma is different. We deal only
with the regions of the potential energy surface in which the valence
anion is vertically bound with respect to the neutral. Then, we perform
calculations with standard basis sets that contain basis functions with
small exponents. As we are dealing with bound anionic states, these
basis functions contribute to the proper description of the anionic charge
distribution but do not lead to a collapse to the dipole-bound state,
which is usually less strongly bound than the valence anionic state.
We believe that dealing with unbound valence anionic states is not
straightforward when using conventional electronic structure methods
based on variational principle, and the results may be dependent on
the quality of the basis set. Special treatments, such as the stabilization
method or the complex coordinate technique, provide means to extract
resonance positions and widt¥s?

We applied the following approach to identify minimum energy
structures of valence anions of guanine, which might be vertically bound
in the gas phase. Initial B3LYP/6-3115** calculations were per-
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Table 1. Relative Energies (kcal/mol) for the Tautomers of Neutral Guanine Determined at the B3LYP, MP2, and CCSD(T) Levels

B3LYP MP2 CCsD(T) Ref 24

tautomer AE AE+AE;, AH AG AE AE+ A, AH AG AE AE+ AB;, AH AG AE AG

G 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GH 0.63 0.65 0.62 0.74 0.34 0.29 0.23 0.42 0.15 0.09 0.04 0.23 0.22 0.12
GN7H —0.76 —0.62 —-0.65 -0.61 -0.72 —0.54 —-0.57 -0.51 -0.76 —0.58 —-0.62 —-0.56 -0.69 -—-0.44
GHN7H 3.41 3.29 3.30 3.35 3.13 2.99 2.97 3.10 2.86 2.72 2.70 2.83 3.01 2.85
formed for the anion of hydrated guanine, using the PCM ni6del Table 2. Adiabatic Electron Affinities (meV) Determined at the
and water's dielectric constart = 78. For all four tautomers, ~ MP2, CCSD, and CCSD(T) Levels for Vertically Bound Valence

; PR ; and Dipole-Bound Anions?
nonplanarity of the neutral guanine is limited to the NZfoup. It is
known, however, that “buckling” of the ring of a nucleic acid base MP2 CCSD CCSD(T)
might increase the electronic stability of the anion because the excess AEA-AR,, AEA AEA AEA
electron occupies a* orbital.>° Thus, our energy minimizations for Di :
. . L ipole-Bound Anions
the anion of hydrated guanine were initiated from buckled structures. 32 36 56 65
Some of the converged structures were indeed strongly nonplanar. These GHN7H 10 13 30 36
geometrigs_ as well as cqnverged orbitalg qf th_e hydrated anion were Valence Anions
used as initial guesses in geometry optimizations for the gas-phase g 655 628 524 —486
anions. GN7H —756 —683 —592 —529
The DFT and MP2 geometry optimizations were performed with GHN7H —-622 —560 —422 —383

Gaussian98& the numerical MP2 frequency calculations with NWCHam,
and the CCSD(T) calculations with the MOLPR@ackage. The codes aAEA—AEY%, is the adiabatic electron affinity uncorrected for the

were run on Intel/P4Xeon workstations, SGI Altix server, and a cluster difference in zero-point vibration energies between the neutral and the anion.

of dual Intel Itanium2 nodes with Quadrics interconnect. Molden was

used for visualization of singly occupied molecular orbitéls. Table 3. Electron Vertical Detachment Energies (meV) and Their
Decompositions (eqs 1—7)

3. Results G GHN7H G GN7H GHN7H
3.1. Tautomers qf Neutral Guanine.The amine-oxo N7—H ~ aniontype  dbs dbs val val val
tautomer (GN7H) is the most stable at every level of theory in DKTSCF 20.00 3.00 <0 <0 <0
terms of energy, enthalpy, and Gibbs free energy (Table 1 and ADiyg 2.00 1.00 N/A N/A N/A
Figure 1). At the CCSD(T)/aug-cc-pVDZ//MP2-aug-cc-pvDZ D7 ;i-gg g-gg ’%‘7'2-00 ’\11/%5-00 NfA35-00
level, the canonical tautomer G is only 0.76 kcal/mol less stable AD;’;;PZ i ’
in terms of energy. The amirchydroxy GH and GHN7H iBnMO';;isp Illg'éﬁ _71635 '\7”:00 Nﬁ 00 N’;; 00
tautomers follow t_)y being less stable thgn G by 0.15 and 2.86 DMP2 33.00 11.00 453,00 64.00 259,00
kcal/mol, respectively. In terms of Gibbs free energy, a Anos 22.00 17.00  206.00  200.00  210.00
difference in stability between G and GN7H is only 0.56 kcal/  DccSP 55.00 28.00 659.00 264.00 469.00
mol, and the aminehydroxy tautomers are again less stable AHO' 8.00 6.00 ~ —74.00  —-52.00  —75.00
DCesp(m) 63.00 3400 58500  212.00  394.00

than the amineoxo forms. Our results are in excellent
agreement with the results of Hobza et al. which were calculated

at the same CCSD4(T)/aug-cc-pVDZ level but using the RI-MP2/ \\hereas a dipole moment of 3.0 D for GH can support an
TZVPP geometry? Lower-level methods, such as MP2 and  apionic state, though previous calculations indicated that the
B3LYP, predict correctly not only the relative ordering of electron-binding energy is1 meV25 Thus, only dipole-bound

tautomers but also the quantitative energy differences, with states of G and GHN7H are studied here (see Tables 2 and 3
deviations from the CCSD(T) results being larger for the and Figure 2)

amino—hydroxy tautomers§? but still not exceeding 0.6 kcal/ ) . i
The results for neutral tautomers of guanine point to additional

mol. e . . .
In agreement with previous calculatioithe largest dipole difficulties facing future PES or RET experiments on the anion

moments of 6.3 and 4.2 D were found for the G and GHN7H of guan|r_1e. _We_ expect_ that a t_’a”'er for the <€ GN7H
tautomers, respectively (see Figure 1). A dipole moment of 1.7g tautomerization is high if not assisted by another molegule.

D for GN7H is too small to support a dipole-bound state, Even if guanine is successfully transferred to the gas phase
without thermal decomposition, it is critical to have the G, GH,

(46) éseuztgzvzsgiésM.; Jordan, K. D.; Skurski, B. Phys. Chem. A998 102 and GHN7H tautomers in the beam, not only the most stable

(47) Rak, J.; Skurski, P.: Gutowski, M. Chem. Phys2001 114 10673 GN7H tautomer as the latter does not support a bound anionic
10681. state and a long-lived anion cannot be formed in the course of

(48) Simons, J.; Jordan, K. @Chem. Re. 1987, 87, 535-555. . .

(49) Gutowski, M.; Simons, . Chem. Phys199Q 93, 2546-2553. excess electron attachment. When thermal contributions to the

(50) Gutowski, M.; Dabkowska, I.; Rak, J.; Xu, S.; Nilles, J. M.; Radisic, D.; ; H H H
Bowen. K. H.Eur. Phys. 3 02002 20, 431439, relative Gibbs energy are ignored, the energy difference of 0.58

(51) High Performance Computational Chemistry GrodpVChem: A Com- kcal/mol between the G and GN7H tautomers implies that at

utational Chemistry Package for Parallel Computerstsion 4.5 Pacific — ; ;
Northwest National’Laboratory:  Richiand, WA, 2003, ’ = 100 K, only 5% of guanine will populate the G tautomer.

(52) MOLPRO is a package of ab initio programs: Werner, H. J.; Knowles, P. i - i i i
J.; Almlof, J. et al. MOLPRQ Universita Stuttgart and University of 3.2. DIpOle Bound Anions.The CCSD(T) value of adiabatic

Birmingham: Stuttgart, Germany and Birmingham, England, 2000. electron affinity for the canonical tautomer was found to be 65
(53) Schaftenaar, G.; Noordik, J. Bl. Comput.-Aided Mol. De200Q 14, 123~
134

(54) Fog'arasi, GJ. Phys. Chem. 2002 106, 1381-1390. (55) Dabkowska, I.; Gutowski, M.; Rak, J. Am. Chem. Sodn press.
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GN7H back
to the source

Source Electron

- —> x2 attached

é- to G only
G GN7H

Cooling and separation
in electric field
Figure 4. Scheme for the enrichment of gas-phase guanine with the biologically relevant G tautomer.
. . . Table 4. Vertical Attachment Energies (VAE), Adiabatic Electron
meV (see Table 2_)' This value is _almc_)St two times larger th_an Affinities Uncorrected for the Zero-Point Vibration Term
the MP2 value, with the latter being in good agreement with (AEA—AE?,,), and Vertical Detachment Energies (VDE)

that presented by Adamowicz and co-workers (34 méWhere Determined at the B3LYP/6-311+G** Level in Water®

is only a small geometrical reorganization from the optimal tautomer VAE AEA-AR,; VDE

geometry of the neutral to the optimal geometry of the dipole- G 0.90 1.41 2.65

bound anion. This may be inferred from the following: (i) a GH 1.23 1.59 2.09
GN7H 1.30 1.76 1.96

contribution from zero-point vibrations to the AEA is only 4
meV, (ii) the VDE is only 2 meV larger than the AEA, and
(iii) the electronic energy of the neutral is increased by only 2 Effects of hydration simulated within the PCM model (all quantities
0.05 kcal/mol upon geometry relaxation induced by an excessare in eV).

electron attachment (see Elgure ,2)' reproduce only 35 and 12% of the CCSD(T) valueDofor G

~The GHN7H tautomer with a dipole moment of 4.2 D also - 4nq GHN7H, respectively. For both anions, the MP2 dispersion
binds an excess electron, and the CCSD(T) value of the AEA qntribution is larger than that of the Koopmans’ theorem term,
is 36 meV (see Table 2). The MP2 value of the AEA is only 54 the MP2 nondispersion term is destabilizing because the
13 meV. Thus, correlation effects that go beyond the MP2 level y\1po ginole moment of neutral guanine is smaller than the SCF

are critical for dipole-bound anions of both tautomers. The dipole moment. The resulting valuesB¥P2 of 33 and 11 meV
energies of the anions of GHN7H and G differ by 3.5 kcal/mol reproduce only 52 and 32% @CCSPM for G and GHN7H,
(see Figure 2). Thus, the anionic beam in thermal equilibrium yespectively. A contribution from higher-than-second-order
will be strongly dominated by the G tautomer. correlation terms limited to single and double excitations is very
We pointed out in Table 1 that the neutral tautomer GN7H sjgnificant and amounts to 22 and 17 meV for G and GHN7H,
is more stable than G by 0.58 kcal/mol at 0 K. However, the respectively. This is the dominant componenbdor GHN7H.
AEA of G is 1.50 kcal/mol, whereas the GN7H tautomer does Relatively small contributions from triple excitations imply that
not bind an electron adiabatically. Thus, the dipole-bound anion the final CCSD(T) values ob of 63 and 34 meV for G and
of G is more stable than the neutral of GN7H accompanied by GHN7H, respectively, might be close to the methodologically
a free electron. converged result. An experimental verification of these theoreti-
In standard conditions, the gas-phase neutral guanine will be cal predictions would be very important.
dominated by the GN7H tautomer, whereas the canonical 3.3.Valence AnionsQOur search for vertically bound valence
tautomer G is of the main interest due to its biological relevance. anionic states of guanine in the gas phase ended up with positive
The GN7H tautomer does not bind an excess electron, and aresults for the G, GN7H, and GHN7H tautomers (see Tables 3
barrier for the G< GN7H tautomerization is expected to be and 4, and Figure 3). The initial B3LYP/6-31G** searches
high. These properties suggest that there might be a possibilityincluded two steps: (i) optimization for a hydrated valence anion
to enrich the population of the canonical tautomer through (i) using the PCM model and a buckled initial structure followed
transfer of guanine to the gas phase at temperatures that populatgy (ii) reoptimization for the gas-phase anion using the geometry
not only the GN7H but also the G tautomer, (ii) formation of and orbitals of the hydrated anion.
anions of guanine, (i) selection of the cooled-down long-lived  Hydration within the PCM model has a significant effect on
species (i.e., primarily G, and (iv) soft photodetachment of  the neutral and anionic guanine. First, the G tautomer becomes
an excess electron. The resulting guanine will populate primarily the most stable among the neutral hydrated species, with the
the G tautomer, and a small contamination will result from the GN7H tautomer being less stable by 0.9 kcal/mol. Second, for
GHN7H and, perhaps, GH tautomers. A scheme for the each tautomer, the hydrated anion becomes not only vertically
enrichment procedure is presented in Figure 4. but also adiabatically bound (see Table 4). This is consistent
A decomposition of vertical electron detachment energies into with the results presented by Sevilla and co-worRefhe
components defined by eqs-Z is presented in Table 3. The largest values of AEA are reported for the GHN7H and GN7H
Koopmans' theorem contribution is followed by a small SCF tautomers, which are also characterized by the largest values
induction term. The resulting values BfCF of 22 and 4 meV of electron vertical attachment energy. All are characterized by

GHN7H 1.45 1.86 2.03
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large values of VDE, about2 eV, but the result may be 4. Summary
sensitive to the selection of solvation model. Adiabatic binding
of the excess electron is the weakest for the G tautomer. Thethe four most stable tautomers of guanine using a broad

hydrated anions display nonplanarity Iimiteq to the six-member spectrum of electronic structure methods from the density
ring of G and GH and the five-member rings of GN7H and  ¢,ctional theory, with the B3LYP exchangeorrelation
GHN7H. functional, to the coupled-cluster method, with single, double,
A reoptimization of the anionic structures in the gas phase and perturbative triple excitations. Our main findings include
led to an important discovery. Three anions, G, GN7H, and the following:
GHNT7H, remain vertically bound at the MP2 level, and the (1) We developed an approach for the identification of weakly
MP2/aug-cc-pVDZ optimized structures are characterized by bound valence anions that do not bind an electron at the
the CCSD(T) values of VDE being-0.58,+0.21, and+0.39 geometry of the neutral. Initial wave function and geometry
eV, respectively (see Tables 2 and 3, and Figure 3). They optimizations are performed in a polar solvent. This approach
remain, however, adiabatically unbound with the CCSD(T) guarantees electronic stability of the anion for a broad range of
values of AEA of—0.49,—0.53, and—0.38 eV, respectively. geometries, including the geometry of the neutral. The structure
For all of these tautomers, the SOMO orbital has*avalence and wave function of the hydrated anion are then used as initial
character. The existence of a vertically stable valence anion ofguesses in characterization of the gas-phase anion.
G has not been reported heretofore. In this anion, the six-member (2) Tautomers G, GN7H, and GHN7H support vertically
ring is strongly buckled, and theNH; group is strongly rotated ~ bound valence anionic states in the gas phase, with the CCSD-
out of the plane of the ring. This anion is a very shallow (T) value of vertical detachment energy €0.58,+0.21, and
minimum on the PES since the energy barrier for buckling of 10.39 eV, respectively. These anionic states are, however,
the guanine ring, which separates the valence anion from theadiabatically ynbound, and the CCSD(T) values of the gdiabatic
planar dipole-bound anion, was found to be only 0.55 and 0.66 €lectron affinity are-0.49,—0.53, and—0.38 eV, respectively.

kcal/mol at the MP2 and CCSD(T) levels, respectively. The The vertical f_electronic _stability of_ these valence anionic states
barrier does not exist at the B3LYP/6-38+G** level which is accompanied by serious buckling of the molecular skeleton,
’ in particular, in the region of the six-member ring of G and the

five-member rings of GN7H and GHN7H. These are molecular
fragments where the excess electron is primarily localized.

(3) The G and GHN7H tautomers support dipole-bound states,
with the CCSD(T) values of the adiabatic electron affinity of
65 and 36 meV, respectively. A contribution from higher-than-

; . . second-order correlation terms is very significant and represents
GHN7H tgutomers support vertically, but not adiabatically, 48 and 68% of the total electron vertical detachment energy
bound anions. determined at the CCSD(T) level, respectively.

The vertical electronic stability of the anionic G, GN7H, and (4) The results for neutral tautomers of guanine point to
GHN7H tautomers is accompanied by serious geometrical aqditional difficulties facing future PES or RET experiments
relaxations with respect to the structure of the corresponding on the anion of guanine. Even if guanine is successfully
neutrals. The nonplanarity of neutral tautomers is limited to the transferred to the gas phase without thermal decomposition, it
N2H; group. The excess electron attachment leads, however, tais critical to have the G, GHN7H, and GH tautomers in the
a serious buckling of the six-member ring for G and the five- beam, not only the most stable GN7H tautomer as the latter
member rings for GN7H and GHN7H, where the excess electron does not support a bound anionic state.
is primarily localized (Figure 3). These geometrical distortions  (5) In standard conditions, the gas-phase guanine will be
involve both the hydrogen and heavy atoms. The largest dominated by the most stable tautomer, GN7H, whereas the
deviation from planarity is displayed by the following dihedral canonical G tautomer is of main interest due to its biological

We characterized valence and dipole-bound anionic states of

explains why the valence anion of G has not been hitherto
identified. Interestingly, a small barrier exists at the B3LYP/
6-31G** level. The GH tautomer does not support a vertically
bound valence anionic state. The theoretical predictions are
consistent at the MP2, CCSD, and CCSD(T) levels (Tables
2—4), which strengthens our conclusion that the G, GN7H, and

angles [deviation from O (for G) and 180 (for GN7H and relevance. There is, however, a possibility to enrich the
GHNT7H) is considered here as a measure of nonplanarity]: (i) population of the canonical tautomer in the gas phase through
in G-, the dihedral angles GEN1—C2—N3 and N:-C2—N3— (i) transfer of guanine to the gas phase at temperatures that

C4 are—37 and 27, respectively; (i) in GN7H, both dihedral ~ Populate not only the GN7H but also the G tautomer, (ii)
angles, C4C5-N7—H and C4-N9—C8—H, are equal to 147 formation of anions of guanine, (iii) selection of the cooled-
(iii) in GHN7H~, the same dihedral angles are 140 and°149 down long-lived species (i.e., primarily Gbecause GN7H does
respectively. Thus, it is not surprising that the energy of the not bind an electron,' and (iv) goft photodetachme.nt of'an excess
neutral is much higher at the optimal anionic geometry than at €/€ctron. The resulting guanine will populate primarily the G
the minimum energy structure of the neutral. Indeed, these tautomer, and a small contamination will result from the
energy increases are 24.7, 13.9, and 10.3 kcal/mol for the G,GHN?H tautomer.
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