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Abstract: The nonadiabatic photochemistry of the guanine molecule (2-amino-6-oxopurine) and some of
its tautomers has been studied by means of the high-level theoretical ab initio quantum chemistry methods
CASSCF and CASPT2. Accurate computations, based by the first time on minimum energy reaction paths,
states minima, transition states, reaction barriers, and conical intersections on the potential energy
hypersurfaces of the molecules lead to interpret the photochemistry of guanine and derivatives within a
three-state model. As in the other purine DNA nucleobase, adenine, the ultrafast subpicosecond fluorescence
decay measured in guanine is attributed to the barrierless character of the path leading from the initially
populated (zz* Ly) spectroscopic state of the molecule toward the low-lying methanamine-like conical
intersection (gs/zt* La)ci. On the contrary, other tautomers are shown to have a reaction energy barrier
along the main relaxation profile. A second, slower decay is attributed to a path involving switches toward
two other states, 1(zzz* L) and, in particular, *(noz*), ultimately leading to conical intersections with the
ground state. A common framework for the ultrafast relaxation of the natural nucleobases is obtained in
which the predominant role of a wr*-type state is confirmed.

ponents have been determined in polynucleotide chains and

_ 3-16 Tj _
The accurate determination of the photochemistry of DNA/ g?\?:/l; Nstplr\andeld ENA' glm_e resolved measur_emerkl]ts on
RNA base monomers has reached in the last few years the nucleobases (adenine, guanine, cytosine, thymine,

character of a common challenge for the communities of and uracil) seem to point out that there is a common set of

guantum chemical theoreticians and femtochemists. ImportantmeCh"’lnlsrnS related to their internal conversion procésses.

theoretical and experimental improvements have been achievecﬁart'cwar’ t_he dmoszt 6r7ecent ingéllysks/ oflthel data in molgcultz)alr
toward the elucidation of the photoinduced dynamics of the eams excited at hm (4.64 eV) clearly suggests double

components of the genetic code, ready to be applied to manyexponentlal energy decays, one with a short relaxation lifetime

other systems. Since early measurements on nucleic acid bas@e4ar 13(—;1160é£s_r?1nd a secc()jnd, Io(glg-llvedf r(;laxatlor b.etween
monomers in aqueous phase provided low fluorescence quantunp' and .1 ps. 1he strppg ependency of the conc usions on
yields'~® and indirect evidence of extremely efficient nonra- the exp_enr_ngntal condlt_|ons and the selected exponential fits
diative decays to non-emitting state<,photostability has been mak_es '_t d|ff|cult_to Obta'n a clear_ view of the P“’b'em _whose
established as one of the primary photophysical properties c)felumdatlon requires studies at higher resolution, solving also
DNA and RNA after interaction with UV light, a quality the role of tautomers, and a solid quantum chemical picture.

probably acquired after a long period of natural evolufi@nly From the t.heoretlcal stand.pomt. many efforts hgve been
recently has the presence of ultrafast internal conversion eventsCarrled out t_ry ing to accurately |dent|f_y favora_ble re_act_lon P aths
in nucleic acids been directly detected in isolated conditions 2nd @ccessible decay funnels allowing efficient dissipation of
and condensed phases by subpicosecond techniques as a e energy and ultrafast decay toward t_he ground state of the
intrinsic feature of nucleotides, nucleosides, and nucleic acid systems. Former proposals base‘?' on excited-state photoreactions
base monomers.12 Additional long-lived excited-state com- or phototautomerisms were basically ruled out because of the

1. Introduction
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absence of photoproducts and deuterium isotope effects inits size, is undoubtedly the complex spectroscopy of the system
different solvents. Most probably the same destiny waits for in the gas phase, because of the known presence of several low-
the still well-established proximity effect model, which bases energy tautomer®. In recent years only two studies that use
the loss of emission intensity on the vibronic coupling of close- modern quantum chemical electronic structure methods have
by zr* and nr* states, and whose limitations have been clearly reported on the location of several surface crossings between
demonstrated’ In modern photochemistry the efficiency of a low-lying states in the guanine molecule. They are the CASPT2//
radiationless decay between different electronic states takingCASSCF study of the 9H-oxo-guanine tautomer by Chen and
place in internal conversion (IC) and intersystem crossing (ISC) Li%¢ and the DFT/MRCI analysis carried out by Mariémon
processes is associated with the crossings of different potentialseveral low-energy tautomers of the system, the latter focused
energy hypersurfaces (PEHs), named conical intersections (Cls)in particular on the proper assignment oHRV bands in the
if they take place between states of the same multiplicity, absorption spectrum. Although relevant information was pro-
indicating explicitly the multiplicity of the states otherwise (e.g., vided and several minima and Cls were located in those studies,
singlet-triplet crossings). The crossings behave as funnels in the essential information required to properly describe the main
whose neighborhood the transfer of population between statesreaction paths and rationalize the photochemistry of the system
is highly favorablel®1° Locating the presence and position of is still absent, such as the accurate calculation of the energy
the seams of Cls and, more importantly, the accessibility of barriers needed to access the funnels. From the electronic
such crossings by properly computing reaction energy barriers structure viewpoint, only actual minimum energy path (MEP)
is of primary interest to determine the intrinsic decay pathways determinations can give a proper account of the accessibility
associated with base monomers. Presently, such a task cannatf these barriers, guaranteeing the presence or absence. It is by
be accounted for without the contribution of highly accurate now well recognized that a large number of Cls can be found
multiconfigurational ab initio quantum chemical methods for multidimensional systems in regions of the PEHs with a
(CASPT2 or MRCI, basically) that are able to identify decay complex structure of electronic states where degeneracy is
funnels and determine accurate reaction profiles, as proved byfrequent*243Multiple-state crossings take place along different
the join efforts of different groups in recent yeargo-37 paths, many of which will be totally irrelevant for the
Considering the great efforts performed on the other natural photochemistry of the system. Properly mapping the PEH
nucleobase’ 29317353741 the |ack of theoretical information  implies estimating the accessibility of the ClI, that is computing
currently available for guanine is surprising. In fact it is the the energy barrier that must be surmounted to reach the funnel
only DNA/RNA natural nucleobase in which no theoretical from the initially populated states or from state minima.
study has been reported in order to determine the accessibilityOtherwise, even if the ClI is located well below the energy of
of the nonadiabatic deactivation channels by properly computing the initial state, it can be unimportant photochemically if a large
minimum energy reaction paths. One of the reasons, apart fromenergy barrier prevents the system from accessing such a region
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of the PEH. As pointed out recently by MicHl most compu-
tational strategies focus on finding minimum-energy Cls (ME-
Cls), which might not necessarily be the photochemically
relevant structures, as it will be shown here, because the lowest-
energy paths may reach the seam of Cls at higher energies,
where the system will decay to the lower state. Only the
computation of MEPs along relevant decay paths can properly
describe the key structurésThis contribution includes the first
report of MEPs for the photoreactivity of guanine and several
of its tautomers, and complements previous studies at the
CASPT2//ICASSCF level of calculation of the other four
nucleobases and derivatives in which MEPs have been reported
for the nucleobases cytosiAe33 thymine2® uracil 2325 and
adening.’.24.34

The focus of this paper will be placed on the accurate
determination of the relevant lowest-energy photochemical
reaction channels in the four most stable tautomers of the
guanine molecule (see Figure 1), and in particular in the
biologically relevant 1H-9H-2-amino-6-oxopurine (hereafter 9H-
guanine) tautomer. Computation of excitation energies, oscillator
strengths, minimum energy paths, Cls, seam of Cls, transition
states, and samples of classical trajectory simulations performed
at the ab initio CASPT2//CASSCF level of calculation, will lead

(42) Truhlar, D. G.; Mead, C. APhys. Re. A 2004 68, 032501.
43) Dreuw, A.; Worth, G. A.; Cederbaum, L. S.; Head-Gordon,MPhys.

Chem. B2004 108 19049-19055.

(44) Michl, J. InComputational Photochemistrlivucci, M., Ed.; Elsevier:
Amsterdam, 2005.

45) Serrano-Andi L.; MercHa, M. In Photostability and Photoreactity in
Biomolecules: Quantum Chemistry of Nucleic Acid Base Monomers and
Dimers Leszczynski, J., Shukla, M., Eds.; Springer: New York, 2007.
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Figure 1. Structure and labeling of the studied guanine tautomers. The

In some cases, at the obtained CASSCF crossings, CASPT2 explorations
at close geometries were performed in order to find lowest-energy
CASPT2 crossings, related to Cls, at the highest level of calculation.
The one-electron atomic basis set 6-31G(d,p) was used throughout for
energy optimizations and energy differences in order to obtain a
balanced description of the PEH. The minor influence of diffuse
functions to describe low-lying valence excited states of similar
molecules was shown previousf/Studies of low-lying Rydberg states
have been in any case reporféd.he accuracy of the present strategy
can be compared to our previous study on guanine in which large ANO-
type basis sets and diffuse functions were empl&jékb check the
precision of the calculations, results obtained with an ANO-S C,N,O
[3s2p1d]/H [2s1p] basis set will be also discussed. Structure optimiza-
tions and MEPs fortr*-type states used initially @ active space of

12 electrons and 10 orbitals (the lowest nodelessrbital was kept
inactive), whereas two lone-pair in-plane orbitals were addedsr n
states. The active spaces were extended with additional extra-valence
orbitals in control calculations to account for the reliability of the results.
Unless otherwise specified (see also Supporting Information), the final
CASSCF/CASPT2 results use an active space of 14 electrons distributed
in 12 orbitals, which include altzr* orbitals except the lowest in energy
plus two lone-pair orbitals, and seven state-average roots. No symmetry

names given in this contribution and the IUPAC names (within parentheses) restrictions were imposed during the calculations that employed in most

are included. RNis the cis rotamer (toward 1)

us to propose a three-state model for the photochemistry of

guanine, similar to that already successfully found for adenine
in our previous studie¥.?* We shall also emphasize the

importance of the so-called photochemical reaction path ap-

proachi®the theoretical strategy based on mapping the minimum
energy path for the efficient transit of the energy in the excited

states toward accessible Cls. Such a procedure and the use of

highly accurate quantum chemical methods will certainly

provide the key parameters to understand most photochemical

mechanisms and will constitute the basis for future theoretical
studies on the dynamics of the system which may lead to
ultimately predict the time evolution of the process. Our
complete set of calculations on the nucleobases will allow us
to design a global and common model to rationalize the
photochemistry of the five natural nucleobase®.

2. Methods and Computational Details

Optimizations of minima, transition states (TS), potential energy
hypersurface (PEH) crossings, and minimum energy paths (MEPS) havi
been here performed initially at the CASSCF level of theory for the

studied tautomers of guanine. MEPs have been built as steepest descent

paths in which each step requires the minimization of the PEH on a

cases thtMOLCAS-6set of program&’ From the calculated CASSCF
transition dipole moments (TDM) and the CASPT2 band origin
energies, the radiative lifetimes have been estimated by using the
Strickler—Berg relationshi§358.5° Nonadiabatic coupling CASSCF
elements were obtained with ti@aussian 03rogram® Additional
technical details can be found in the Supporting Information.

3. Results and Discussion

3.1 Structure of Excited States in GuanineThe guanine
molecule is essentially a derivative of a purine ring in which
one amine and one carbonyl group have been added in position
C, and G, respectively (see Figure 1). Adenine, in the
meanwhile, is a 6-aminopurine. A similar structure of low-lying
excited states can be expected in purine and in the related nucleic
acid bases. In particular, CASPT2 calculations for the 9H-purine
tautomer placed at the Franel€ondon (FC) ground-state
optimized geometry, the low-lyingz* singlet excited states

at 4.66 eV @n* Lp) and 5.09 eV gr* L,), whereas for the
7H-tautomer the states were obtained reversed at 4.68=V (

Lg) and 5.17 eV fx* Lp). In both cases anyx* singlet state

®was found lower in energy at 3.76 and 2.87 eV, respectitiely.

\We have employed the usual PtaMiurrell’'s nomenclaturé-53

in which, in terms of the CASSCF natural orbitals (NOs), the

hyperspherical cross section of the PEH centered on the initial geometry La [abel represents the state with a large contribution to the
and characterized by a predefined radius (see Supporting Informétion). CASSCF wave function of the electronic configuration HOMO

At the computed geometries, CASPT2 calculatt®ffon several singlet

states were carried out in order to include the necessary dynamic

correlation effects. The protocol is usually named CASPT2//CASSCF
and has proved its accuracy repeatédhy.5¢-54
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24
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1029-1037.

(48) Andersson, K.; Malmaqvist, P.-A., Roos, B. @.Chem. Phys1992 96,
1218-1226.
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Lett. 1998 288 299-306.
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331.

(52) Mercha, M.; Serrano-Andrg L. In Computational Photochemistry
Olivucci, M., Ed.; Elsevier: Amsterdam, 2005.
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(53) Serrano-Andie L.; MercHa, M. In Encyclopedia of Computational
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;_ablle l-E Cpﬂépgted SD?CEOS&OpiCSPr%ﬁ)erTﬁeS for the Lfo(\;v—Lying Regarding the hydroxyl tautomers of guanine, the change of

inglet Excite tates of the Most Stable Tautomers o uanine at v : H H H H

the CASPT2//CASSCE Level of Calculation? thes structure of the six-membered ring |mpI|e_s a modification
of the character of the states at the FC region, although the

absorption ermission obtained energies are similar. For the 9H-60H-guanine tautomer,
states VA f D Te VE T (gslm)a the low-lying state is ofL, character at 4.95 eV, whereas the
ge) 9H-Guanine (9H,1H-2-amino-6-oxopurifie) 1L, state is computed at 5.67 eV and carries most of the
gs 5.81 ; ; ; i
L) 493 0158  5.23 433 populatl_on on absorption, featur_es which can b(_a found similar
o) 554 0002 351 456 2.7 553 in adenine. For 7H-60H-guanine thé, state is however
Yam*Ly) 5.77 0145 492 569 46 5 stabilized upon substitution on position.Ms can be expected,
7H-Guanine (7H,1H-2-amino-6-oxopurine) the character of the low-lyingnt states changes from the oxo-
Ygs) 2.26 to the hydroxypurines, from involving the oxygenc(tt) to
Ynn*Ly) 508 0137 414 451 38 9 (36F the nitrogen (R7*) o in-plane electronic lone pairs, that in all
Ynom*) 533 0002 549 431 25 990 . ; o
Yzr Ly 539 0121 1.65 504 4.4 8 cases relate to essentially forbidden transitions. Although the
9H-60H-Guanine (9H-2-amino-6-hydroxypurine) trans- or anti-(RN7) conformatlon of 9H-60H-guanine ha§ been
Y(gs) 290 found to be as stable as this- or syn(RN;) rotamer in previous
Yma*Lp) 4.95 0.033 324 452 32 37 theoretical calculation¥,64%5we have selected for our study
Ynw*) 534 0.006 4.78 d - - the latter structures in the hydroxyl tautomers. In view of the
Yam*Ly) 5.67 0271 349 514 44 4 (4.2 . . )

) ) ) previous results on 7H-adenine, they could be considered less
1gs) 7H-60H-Guanine (sz'g'am'”0'6'hydroxyp“”“e) prone to give rise to stable planar structures by forming
az*ly) 479 0058 319 426 40 24 (3.9F intramolecular hydrogen bonds, becoming therefore better
Hnnar*) 502 0.006 299 429 3.0 244 candidates to decay directly toward an out-of-plane Cl. Apart
Ywz*Ly) 571 0023 458 517 40 41 from the theoretical consensus obtained in that the 7H-guanine

) : i . : o o tautomer is the most stable form in the gas phase, it can be
aVA: vertical absorption, VE: vertical emissiore: band origin. .
Energies in eV, lifetimest(ag in ns.b The {(nyz*) state was placed ~ @lso assumed that all four tautomers computed heré&igure
vertically at 6.60 eV in a previous stud$. ¢ Adiabatic energy difference 1) plus the 9H-60H-guanine RNotamer have relative stabili-

for (gskta*) ci. In 9H-guaninél(z* L 5) has no minimum along the MEP, ; o : ;
and the Cl is reached in a barrierless way from FC. In the other systems ties so similar that the five should be present to some extent in

the CI was obtained as a minimum energy Cl (MECI). See tEkhe the molecular beans.

optimization leads directly to a conical intersection with the ground state, One of the most intense debates in the photophysics of
(gs/n)cn, at 4.12 ev. guanine has been focused on the proper assignment of the IR
UV bands in the gas phase to the different tautomers (see ref
30 and references therein). As such an aspect has been carefully
discussed previously and it is not the goal of the present
research, we can just mention that the present results agree with
most of the previous conclusions, in particular with the aspect
more relevant to understand the photochemistry of the system.
The band origin corresponding to the lowest-energy singlet

description including especially the++L + 1 and H— 1 —

L configurations. The presence of the substituents on the six-
membered ring slightly changes the excited state structure. In
adenine, in which simply a NHgroup has been added tg,C
both 9H and 7H tautomers keep the ordleg andL,, yielding
CASPT?2 excitation energies 5.16 and 5.35 eV (9H), and 5.06

and 541 e_V (7H), respec_tlvely, W;Eh the tran_smon tq the excited state of the biologically active tautomer, 9H-guanine,
state carrying most of the intensit{?*Changes in guanine are . S
is absent from the resonant two-photon ionization spectra. The

expected to be larger, because the changes involve carbonylic . . .
- . 4 reason for the absence is related to the existence of an easily
substitution on @ (changing therefore the ring structure, see

. . .
Figure 1) and amino substitution on.Crable 1 compiles the accessible Cl along the relaxation path of ter* L ) state

present CASPT2 calculations on the excited-state structure and’ f 9H-gL_1an|ne, a unique feature_ of '_che natural tautom_er not
. ; - - present in the other forms. That implies the lack of stationary
properties for the four guanine tautomers studied here, which™_.™* . . .
have been determined as the most stable forms in the gasmm'mum glong the barrierless MEP leading from the F.C region
phase® Regarding the 9H- and 7H-guanine tautomers, they both to a CI with the ground state (see Table 1 and section 3.2.).

have a similar sequence of states at 4.93 and 5.77 eV (9H) andThe presence of such a favorable relaxation path is consistent

5.08 and 539 eV (7H) keeping the ordér, and Lo, with the detected ultrafast decay of the energy in guanine

respectively, precisely opposite to those of adeHifand 9H- sample;, and thereforc_a with the proposed_ absence oUW .
purines! absorption peaks for this tautomer. Interestingly the 7H-guanine

i » has been discard&f®as a source of the band origin peaks in
_For the case of guanine, transitions to batit' states carry e v spectrum because it was supposed to decay extremely
similar intensities. If we focus first on the reason for the changes, ¢t from the $state, like 9H-guanine. We report here, however
the HOMO-like orbital in guanine (its structure is similar for high-lying planar minimum found for the former along the
purine and adenine, see Supporting Information) has a large\ep on(zz* L ,) that is a plausible candidate to be assigned
bonding character between,@nd N, and therefore, any (4 the resolved peaks in the spectrum. Our current hypothesis
substitution on those atoms will strongly affect the position of g 4t the ultrafast decay in 7H-guanine is not as favorable as
the 'L, state. In guanine, for instance, as in 2-aminoputine,  hat in 9H-guanine because of the presence of such local

the H— L 1L, state is clearly stabilized from that in purine to minimum along the main relaxation path. Also, it must be
be the lowest-lying singlet excited state, unlike what happens

in adenine, in which position s not substituted and thié , (64) Gorb, L.; Kaczmarek, A.; Gorb, A.; Sadlej, A. J.; Leszczynski. Phys.
; PSR . Chem. B2005 109, 13770-13776.

stat_e remains high in energy as the third singlet state at the FC(65) Shukia, M. K.; Leszczynski. Them. Phys. Let200G 429, 261—265.

regionl’24 (66) Chen, H.; Li, S. HJ. Phys. Chem. 2006 110, 12360-12362.
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pointed out that the assignment of Band origins on the basis

namine CN-like Cl in both adenine and guanine, as it has been

of computed adiabatic transition requires the use of a more certainly obtained in quantum chemical calculations relating the

accurate basis set than 6-31G(d,p). Control calculations per-

lowest-lying singletzz* states!?24.28.:32.3436.45 Deformations

formed with the ANO-S basis set (see section 2) indicate that taking place in the six-membered ring correspond to an envelope

excitation energies for thex* states typically decrease by
nearly 0.2-0.3 eV>¢ As proved beforé/-24 such differences

structure?E, in which the G atom lies out-of-plane with respect
to the other five atoms. In adenine, another Cl is found, here

have no consequence regarding the photochemical discussiomwith (gs/mt*) character, by stretching/twisting of thel; bond

in the present research.

3.2. Photoinduced Reactivity in DNA/RNA Nucleobases:
A Qualitative View. By inspection of the molecular structure
of guanine (9H and 7H) it is possible to predict the most relevant
degrees of freedom that may be activated, upon UV light

plus ring puckering, giving rise to another envelope conforma-
tion, 8E.17:24 As will be shown below, this qualitative view
becomes at the end more complex, for instance when a
(gs/mom*) low-lying Cl is also found involving rotation of the
guanine GN; bond and strong ring puckerin§E, or when

absorption. The basic features are the same as those alreadgonsidering Cl obtained by in-plane=®© stretching, as in

known in the photochemistry of heteroaromatic rings, closely

cytosine?®21 Regarding the five-membered ring, its correspond-

related to the paths followed by ethene and substituted ethenedng distortions can be expected at higher energies and include

after light irradiatiorf” Ethene relaxes its low-lyingsr* excited-
state by undergoing a combination of stretching/twisting
deformations of the double bond combined with pyramidaliza-
tion of the terminal hydrogens. As proved some time &ghe
larger is the difference in electronegativities between the two
atoms forming the double bond, the smaller is the S gap
upon 90 twisting, and therefore smaller should be the pyra-
midalization or equivalent distortion requested to yield a

degeneracy. In a ring, double bond torsions and pyramidaliza-

ring-opening at the puckered sffeUnder the conditions of most

of the experiments performed, for instance irradiation at 267
nm (4.64 eV), the most significantly populated state is the H
— L Yza* L) singlet state in adenine, whereas the lower
Y(za* Ly) state will be populated through tRe, state decay.

In guanine, where th¥zz* L) is higher in energy, both states
seem to be populated similarly at high energies (see also
oscillator strengths in Table 1), consistent with experimental
findings in solvent phas€d.Upon H— L zzz* excitation only

tions are constrained, and the deformation yields out-of-plane the GN3 and GCs bonds can be expected to be weakened (the

ring puckering. In the six-membered ring of the pyrimidine
nucleobases we find one double carbaarbon ethylenic bond
CsCs (C4Cs in purines), plus one carbemitrogen double bond
C4N3 (single or double gN; bond in purines) in cytosine. One
(two in cytosine) ethene (CC)- or methanamine (CN)-like ClI
can therefore be expected between the lowest-lyingrdl S

H and L molecular orbitals have bonding and antibonding
character in those bonds, respectively, see Supporting Informa-
tion) and to be the protagonists of the low-energy photochem-
istry. The activation of Cs in purines is, however, unlikely at
low energies because of the restriction imposed by the five-
membered ring, therefore leaving as the common bond

states after distortion of the double bond, and they have beenfor low-energy photoactivated distortion. In the next section we

described in the literature as (gs*)-like (C4Cs hereafter) and
(gs/nt*)-like (CeNy hereafterf0.232529.33,3945,67.69]t can be
observed that the CC-like (gst*) Cl in the three molecules,
uracil, thymine, and cytosine, gives rise to a more strongly
distorted structure than the CN-like &27 as corresponding
to a distortion of an apolar<€C bond. Following the recent
work by Barbatti and Lischi¥&and using Boeyens nomenclature

will show how actual calculations relate with these qualitative
expectations.

3.3. Nonadiabatic Photochemistry of the Biological Tau-
tomer 9H-Guanine. By using sophisticated quantum chemical
algorithms for searching surface crossings we can locate a
number of Cls along the PEH of a molecule, in particular the
most relevant ones between the &d S states, required to

for puckered six-membered rings (see Figure SI1 in the explain ultrafast dissipation of the energy after UV absorption.
Supporting Information for definition$),7%7*we can describe ~ Even when such structures can be characterized with great
the CC-like Cl as having almost a screw-boat (S) conformation precision, they may easily become irrelevant for the photo-
5Ss, whereas the CN-like Cl in cytosine resembles an envelope chemistry of the system if the energy barrier to access them is

structure3E, with one single atom out of the ring plane.

As shown previously?-2*and also in the present paper, purine
nucleobases, apart from the=@Gl bond of the five-membered
ring, have two GN3 and GCs double bonds, whereas an
additional GN; bond is present in the adenine six-membered
ring (also in 60H-guanines). The inter-ringsC bond is
strongly strained and larger in purines than in pyrimidines (e.g.,
1.342 Ain urac#t® and 1.369 A in guanine); therefore, it cannot
play the same role as in the one-ring nucleobases. Thie C
bond will be therefore a common protagonist of the photo-
chemistry of purines, giving rise to a low-lyingy/S; metha-

(67) Barbatti, M.; Lischka, HJ. Phys. Chem. 2007, 111, 2852-2858.

(68) Bonaée-Kouteckes, V.; Kouteckc6, J.; Michl, J.Angew. Chem., Int.
Ed. Engl.1987, 26, 170-189.

(69) Ismail, N.; Blancafort, M.; Olivucci, M.; Kohler, B.; Robb, M. A.. Am.
Chem. Soc2002 124, 6818-6819.

(70) Boeyens, J. C. Al. Cryst. Mol. Struct1978 8, 317—320.

(71) Evans, D. G.; Boeyens, J. C. Acta Crystallogr., Sect. B989 45, 581—
590.

too large. As mentioned in the introduction, the photochemical
path approach, that is computing minimum energy paths from
the initially populated states, seems the most reliable strategy
to determine the key question in nonadiabatic photochemistry:
Is the crossing seam accessible? Figure 2 displays the CASPT2//
CASSCF MEP computed along the lowest-lyigz* L) H

— L state of the 9H-guanine molecule. Starting at the FC
geometry, the MEP leads freely and in a barrierless way toward
a Cl with the ground state, (gst* L 5)ci, in which the stretching/
twisting of the GN3 bond brings the molecule to adopt an acute
2E envelope puckered structure on the six-membered ring. As
seen in Table 1 the Cl is computed at 4.3 eV adiabatically from
the ground-state minimum, and it has been located by a specific
Cl search starting from the geometry of the crossing provided
by the MEP, which turned out to be identical in practice to the

(72) Cohen, B.; Crespo-Hemdez, C. E.; Kohler, BFaraday Discuss2004
127, 137-147.
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Figure 2. Low-lying singlet excited states of 9H-guanine computed at the CASPT2//CASSCF level from the-~&omdon ground-state geometry along
the minimum energy path (MEP) on tRgrr* L ) state. (gsta* L o) lies at 4.3 eV adiabatically from the ground-state minimum.

Figure 3. Branching vectors; (energy difference gradient, left) amd (coupling vector, right) for the minimum energy conical intersectionggsL o)
in 9H-guanine. Arrows represent dominant motions expressed in atom-centered Cartesian coordinates.

finally obtained (gstr* LJ)ci structure. An important point
should therefore be highlighted. We do not find any stationary
minimum along the MEP, and our suggestion is that the most
favorable relaxation path is totally barrierless, unlike previous
proposals that placed a minimum along the decay préfies \
regards the characterization of the CI, the calculation of the
tuning and coupling vectorg; andx,, both displayed in Figure
3, provides relevant information about the efficiency of a CIto g0 4 syructure of the HOMO-like (lefty and LUMO-like (right) natural
promote nonadiabatic transitions. orbitals (NOs) in the CASSCF wave function of 9H-guanine at the conical
Both vectors define the branching plane where the degeneracyintersection (gstz* La)c.. Both NOs are the main contributors to the
of the states is lifted linearly. In this case, tkederivative biradical character of the system, centered ab G.
coupling vector points toward a restoration of the planarity of measured in the time-resolved experiments of molecular beams
the ring and the amino group, whereas xpgradient difference  of guaninel® It is important to point out that the computation
vector increases the pyramidalization in &d, as it will be of a MEP has many advantages in comparison to other
shown below, relates to a minimum energy structure found along theoretical strategies such as, for instance, the calculation of
the seam of Cls. From the viewpoint of the electronic structure, minimum energy Cls (MECIs). In an independent calculation,
the molecule at the seam has a biradical character, with g MECI involving similar deformations as that Cl located close
pronounced electron localization on the &d G atoms, as  to the end of the MEP (although smaller ridg puckering)
observed in the CASSCF H and L molecular orbitals (MOs) was identified at 4.1 eV adiabatically from the ground-state
obtained at the Cl geometry (see Figure 4), which also indicate minimum. The MECI structure is similar to that reported
some delocalization on 4C,Ns. Those MOs contribute pre-  previously3® The two Cls, that near the end of the MEP (4.3
dominantly to the description of both ground akds* L ,) eV) and the MECI (4.1 eV), are separated by an energy barrier.
states in the region of the crossing seam. Even if they participate in the same seam of Cls, they do not
According to the present results, the internal conversion belong to the same relaxation path, as we will show below. If
between thé(zz* L ) and the ground states is predicted to be we focus on the process without excess energy, from the initially
extremely favorable. The barrierless character of the reaction populated staté(zz* L 5), the energy will tend to follow the
path perfectly relates to the femtosecond (148 fs) decay steepest descent path along the MEP, and it will be transferred
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r(C4Cs)=1.393 A r(C4Cs)=1.453 A
d(CgN,C,;N)=139.5°

d(CgN,C;N)=83.5°

(gs/mmt* Ly)viec (gs/mm* Ly)cy

Figure 5. Structures and key parameters of different conical intersections of the same seam in 9H-guanine, optimized as a minimum energy conical intersection
(MECI) ((gstr* L g)mec, left, 4.1 eV adiabatically) and with a Cl search at the end of the minimum energy path (MEP) aldtathé o) state ((gstz*
La)ci, right, 4.3 eV adiabatically).
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Figure 6. Computed CASSCF path for the seam of degeneracy pointstj§/,) in 9H-guanine from the minimum energy conical intersection (MECI),
left at radius 0.0 au, toward the crossing at the end of the minimum energy path (MEP), right at radius 18.0 au. Simultaneous constraints incleding dege
in the energy and addition of the radius of the hypersphere have been used at each point.

to the lower state in its first approach to the seam of Cls, in decrease the pyramidalization of &d place the amino group
this case close to the end of the MEP (see Figure 2). Itis unlikely perpendicular to the ring. It is important to notice that such a
that the system has to ride the seam toward the MECI. The barrier is photochemically irrelevant, because the system will
distinct structures can be observed in Figure 5. We have never ride the seam; it will just decay immediately after reaching
highlighted the two most important internal coordinates: on the first funnel, (gstz* L 5)c), at the end of the MEP. This was
going from the end of the MEP (photochemically the most not the case, for instance in the secondary relaxation path in
relevant structure) to the MECI, the,Cs bond length enlarges  adenin€e'’2* where the profile connecting theua* minimum
nearly 0.06 A, and the dihedral anglesNGC:N increases to the (gs/Rat*) ¢ contained a transition state in which a few
56°. Hereafter, both structures will be labeled (gsf L 5)c, kcal molt energy barrier was computed, representing the same
for the ClI close to the end of the MEP, and (@sf L a)veci, type of distortion in NH. In that case, as such a barrier does
for that obtained as the lowest-energy CIl. The former, not belong to the seam of Cls, it becomes photochemically
(gstrr* L )i, shall be considered the photochemically relevant relevant. In any case, it has to be pointed out that a detailed
structure. characterization of the seam requires the use of second-derivative
In order to analyze this important question we have per- techniqueg374
formed calculations along the seam connecting our computed  As listed in Table 1, the thiré(z* L ) singlet excited-state
(gstr* L Jmect and (gsfi* L 5)c (see Figure 5). The two Cls  in 9H-guanine has also a noticeable, related oscillator strength,
belong to the same seam, which can be followed by including 0.145. We have computed the MEP along tfrer* L) state
additional constraints to the searching algorithm (that is, apart starting at the FC geometry, and it is displayed in Figure 7.
from imposing the degeneracy condition, a path can be built After crossing the gr* state, the MEP reaches a planar
by forcing the solution to remain within the predefined radius minimum, except for the hydrogen atoms of the amine group,
of a hypersphere) as it is performed to compute MEPSs. In Figure in thel(zz* L 1) state, as it happened in the case of adehifé.
6 we have included a profile computed along the seam of It is therefore unlikely that the state is directly involved in any
(gstrn* L o) Cls performed with the mentioned strategy. Starting of the ultrafast relaxation processes, and just when populated
at the (gstr* L g)meci Structure (radius 0.0 au), the various at high energies it may decay toward any of the low-lying states,
points of the seam can be obtained by using different constrainedsuch as(zzz* L 5) or 1(no*) through respective Cls. We have
radii. The (gsf* L 5)cy, at the end of the computed seam and computed a number of singular points related with the three
also close to the end of the MEP (Figure 6, right), is higher in low-lying singlet excited states of 9H-guanine, in particular,
energy than the computed (g L j)meci (Ieft); however, the states minima, transition states, and several Cls, and the results
former is the relevant funnel for the photochemistry, considering are summarized in Table 2 (see also Supporting Information).
that it is the easiest way in which the system can decay to the
ground state. The energy barrier found along the path from that gig ko, B e Féréﬁz,)%?a T Rt ML A Phys. Chem. A
structure to the MECI would have to be surmounted in order to 2007, 111, 2182-2192.
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Figure 7. Low-lying singlet excited states of 9H-guanine computed at the CASPT2//CASSCF level from the-+~&omdon ground-state geometry along
the minimum energy path (MEP) of tHéza* L) state.

Table 2. Computed Structures and Energy Differences for the Low-Lying Singlet Excited States of 9H-Guanine at the CASPT2//
CASSCF(14,12)/6-31G(d, p) Level?

energy differences (kcal mol—Y)

structure description AE® AE,° AE?
(gsbr* L g)ci Cligshta* 1L, 0.C? 0.7
(gs/ro™) ci Cl lgstnor* 0.0 [Y(nom*)] -6.0 8.1
nom*)1s TS Y(Nor™) min - (9SHNoT™) ci 1.6 [{(nom*)] —4.4 -
(nom*l e L )y Cl no*l i 1La 12.2 [nor)] 6.2 -
(7wr* L o/Nom®) ci Cl * WLp/not* 0.7 [Yoror* L)) 31.2 4.0
(™ L/ L g)c Cl am* Wplma* WLa 0.3 [{(z* Lb)] 30.8 3.3

aTransition states (TS): CASPT2//CASSCF level. Conical intersections (Cl): CASPT2 explordtRetsveen the structure and the minimum of the
mentioned state’. Between the structure and the referencefg$i o)ci energy.? Splitting at the CI (CASPT2 level). The average energy has been used as
reference® At this level the CI (end of the MEP) is placed adiabatically with respect to the ground state at 4.3 eV.

A
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Figure 8. Scheme proposed, based on CASPT2 calculations, for the main decay pathways of 9H-guanine, measured in molecular beams with intrinsic
lifetimes 1 < 148 fs andr; ~ 0.4 psi® An equivalent scheme for 9H-adenine has been included for comparison (see refs 17 and 24). In 9H-adenine the
corresponding lifetimes arg < 100 fs andr, ~ 1.0 ps!? Energies in kcal mol' referred to the lowest conical intersection (see also Table 2 and text).

As shown earlieP® another pz* singlet state lies too high in Guanine photophysics is very rich, whatever is in isolated
energy, and the main energy relaxation paths do not involve it. conditions or in solvated environments or integrated in poly-
As a whole, these findings are used to interpret the nonadiabaticnucleotide chains. We will start our discussion with the data
photochemistry of 9H-guanine on the basis of a three-state measured in molecular beams. The most interesting features in
model, which is summarized in Figure 8, where a scheme of the photophysics of the DNA/RNA nucleobases are the ul-
the photochemistry of 9H-adenine has also been included fortrashort radiationless decay times obtained both for jet-cooled
the sake of comparison. or solvated species. Early experiments on base monomers in
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aqueous solution (see a detailed review in ref 8) proved that S can therefore be explained by a fast internal conversion to the
lifetimes were small, well below the experimental time resolu- ground state. We think that the ultrafast decay which is always
tion at that time, typically 1 ps. The measured short decay times recorded at energies higher than 267 nm should be better
are consistent with the broad and diffuse bands observed in theattributed to thel(mz* L,) state, which carries most of the
molecular beam experimeri#$? The proposal that the band population, rather than to tHézz* L) state. Additional 50 fs
origin for the low-lyingzzzz* state in 9H-guanine is absent in  channels have been reported by Ullrich et’ah adenine after
the gas-phase UV spectfas totally consistent with the present  excitation to 267 nm, that we previously?* attributed to the
results, which indicate a barrierless path toward an accessibleenergy relaxation from the less populatéar* L 1) state toward
Cl and the absence of a local minimum along the main its minimum. This alternative seems more plausible than the
relaxation profile. Excited-state dynamics studies on isolated suggested assignment to thero*) dissociative state, which
nucleobases were performed by measuring fluorescence lifetimesorrelates in the FC region with a higher-lying and weak
or by time-resolved pumpprobe REMPI detection with dif- Rydberg transition and at long distances with the hydrogen-
ferent time resolutions. Kang et & reported the first pump abstracted radical, which requires surmounting larger energy
probe mass spectroscopy study with femtosecond pulses on théarriers (estimated about 5:8.5 eV}® above the lowest
nucleobases at an excitation energy of 267 nm (4.64 eV), channel described here, as proved for adefliaed guaning®
describing a single-exponential decay with averaged state The required energies, the presence of decay mechanisms and
lifetimes 1.0 ps for adenine, 0.8 ps for guanine, and larger valuestimes very similar to those of adenine in derivatives such as
for the pyrimidine bases. More recently, Canuel etl®al. 9-methyladenine oX,N-dimethyladeniné? and the absence of
employed highly resolved mass-selected femtosecond pump kinetic isotope effect$ indicate that the different NH dis-
probe transient resonant ionization (TRI) spectroscopy to sociation channels cannot be responsible for the ultrafast decays
investigate the decay mechanisms of all nucleobases and severah isolated nucleobases at low energies. They should be better
methyl derivatives after excitation at 267 nm (4.64 eV). The related to thé(zz*) channels, although new calculations and
measurements, performed with a high time resolution of 80 fs, experiments are required, especially to check the possibility of
provided a double exponential fitting leading to ultrafast, 148 tunneling and isotope effects in the H-loss processes. At present,
fs, and intermediate, 0.36 ps, components for guanine, andit can be concluded that tAéro*) path is probably not related
similar values for the other nucleobases. All those data were to the already measured ultrafast relaxation processes in adenine
interpreted by Canuel et #.in terms of a two-state model:  and guanine and their nucleosides and nucleotides, although it
once the spectroscopic state was populated, the 148 fs stegan be certainly related to other fast decay processes at higher
would correspond to the internal relaxation of fiien*) state energies and in base paifs.
toward its minimum, followed by a slower step of 0.36 ps A second, longer-lived decay (360 fs to 1.1 ps) has been
assigned to a switch to thignz*) state and further relaxation  observed for the purine nucleobases in the 250 and 267 nm
to the ground state through a (gsfc, Cl, in which the GN; experiments. In Figure 8 we describe different possible decay
bond would be the protagonist. We try here to improve such a paths related to the low-lying(zz* L) and Y(nz*) states to
model in the light of our new results, shown also to be consistent which this decay can be better attributed. In adetfiriee
with recent reporf® on the presence in pyrimidine nucleobases (zz* L) and!(nz*) states will be basically populated through
in solution of a second deactivation path via a low-lying dark the crossing with thé&(zz* L 5) PEH and, in a minor extent, by
intermediate state attributed to the singléhor*) state, a direct absorption, in particular the transition torz* Ly),
channel whose relevance has still to be determined and whosecarrying more intensity. The decay can therefore proceed from
presence does not necessarily question the mentioned photol(zzr* L p)min Via a state switch to th§ns*) state, reaching its
stability of nucleobases. minimum (the lowest on SPEH), and from there, several
Considering together our computed results for 9H-adenine relaxation pathways are possible: first, following thglbond
and 9H-guanine, we propose a similar photophysical schemetorsion coordinate (Nkperpendicular to the ring) and via the
for the two molecules (see Figure 8) based on a three-state!(nz*) s transition state through the Cl (gsff) ci, and second,
model. The cornerstone of their photochemistry is the repulsive involving the torsion of the éN3 (pyramidalization of the ring)
nature of the bright(zz* L ;) state which relaxes in a barrierless through the transition stat§nz*)ts sp1connecting'(nz*) min
manner from the FC region to a low-lying funnel connecting with the }(zz* L,) hypersurface. The preferred pathway will
with the ground state, (g&f* L 5)ci. Taking into account that ~ be reached after a subtle balance between the available excess
the Y(m* L 4) state is involved in the most strongly allowed vibrational energy and the barrier heights. In 9H-guanine the
transition dominating the low-lying absorption spectrum, most (zz* L) state lies high in energy, and its contribution to the
of the energy acquired by illuminating the molecule will rapidly relaxation dynamics can be only expected at high excitation
decay along its hypersurface to the ground state, quenching theenergies, when after reaching the state minima, a population
fluorescence. Whether the, state is the lowest excited singlet switch toward lower states can take place through the higher-
state (guanine) or not (adenine) at the FC region, in both casedying (wz* L J7n* L) and (ror*/ wa* Ly)c Cls (see Figure
it is clearly a bright spectroscopic state directly populated upon 8). A more plausible relaxation path at low energies may pro-
absorption at low energies, and able to relax in a barrierlessceed along thé(noz*) state. Even if it is related to a for-
way toward the ground state. The presence of a measuredbidden transition, the transfer of part of the population of the
ultrashort lifetime between 100 and 148 fs in both syst@ms

(77) Ullrich, S.; Schultz, T.; Zgierski, M. Z.; Stolow, Al. Am. Chem. Soc.
2004 126, 2262-2263.
(75) Kang, H.; Lee, K. T.; Jung, B.; Ko, Y. J.; Kim, S. K. Am. Chem. Soc. (78) Cohen, B.; Hare, P. M.; Kohler, B. Am. Chem. So@003 125, 13594~

2002 124, 12958-12959. 13601.
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Figure 9. Sample classical trajectories run on fifen* L ;) state of the 9H-guanine molecule starting at the FC geometry. On-the-fly computed CASSCF
gradients and CASSCF (left) and CASPT2 (right) energies were employed. In these trajectories, the molecule reaches from the FC structure the (gs/
La)c region within the time period measured for the ultrafast decay, 148 fs.

1(zz* L 5) state upon excess vibrational energy is not unlikely, (gstz* L 5)c within the measureck150 fs time period along
considering that th&(noz*) minimum lies 6 kcal mot? lower a reduced number of trajectories. No time scale can be directly
than the (gstn* L J)c at the end of the corresponding MEP. deduced so far, and certainly, a quantitative answer requires a
From that minimum the system may proceed toward the CI more complete set of calculations.
(gs/rom*) ¢, placed isoenergetic with the minimum, surmounting On the other hand, recent studies on a modified aminopyri-
the barrier computed to be 1.6 kcal mbhs the transition state ~ midine model performed by Barbatti and LiscRkéncluding
(nt*)1s (see Figure 8). Those structures (see Supporting also molecular dynamics calculations at the CASSCF/MRCI
Information) imply the torsion of the {Cs bond and the oxygen  level and starting on an* L ,-type state, obtained a near 1 ps
atom becoming perpendicular to the ring, whose deformation decay for the reaction path which included transferring from
corresponds to a puckeréd envelope structure, the same type (zz* Lp) to Y(nya*), reaching the minimum, and final pro-
of structure and profile found in the path toward the (gsMc gress toward the methanamine (CN)-like @8/ L 5)ci Cl, with
Cl in adenin€t”?* This is not the only possibility. Once no evidence of NK pyramidalization or crossing through
1(no*) min has been reached, the relaxation may proceed via a(gs/mz*)ci. The role of the TS connecting thénz*) and
Cl (7™ L o/ nomt*) ¢ toward thel(zrr* L 5) state PEHSs, and finally ~ (zzzz* L ;) states becomes in that case important. Barbatti and
to the funnel (gstr* L 5)c). Similarly as in adenine, we propose  Lischka’s finding§’ perfectly agree with our previous proposals
the paths involving decays through (gstt)c, or switch for adenin€’2* A similar scheme can be suggested for
no*/ * L 4 plus a decay through (gst* L 5)ci as the source  9H-guanine, where the structurd@om*) min and (gs/ar*) cy
of the 0.36 ps lifetime measured in guanifias we shall further ~ become very favorable and below the first accessible
discuss below. (gstt* L j)ci, although they are isoenergetic with the corre-
Once the most favorable lowest-energy paths and associatedsponding (gstm* L gmeci. A favorable decay path can be
barriers in the PEHSs of the molecule are established, only actualproposed to take place through the low-lyftfgosz*) minimum
calculations including time-dependent dynamic and statistic and toward the ground state via one of the two accessible Cls,
aspects shall be able to establish the accurate mechanistic detail@gsttr* L 3)ci and (gs/@z*)ci, and certainly it can be related
of guanine photodynamics and relate the reaction paths to theto the measured 0.36 ps relaxati8niThe presence of a low-
measured lifetimes. Here we will simply provide some illustra- energy m* minimum has been already suggested in low-
tion of those aspects in order to test qualitatively the previous temperature solid-host experimeftShe present model does
attributes. Figure 9 contains two sample classical trajec- not require introducing an intersystem crossing mechanism to
tories selected from a set and computed on the fly along the explain the observed decay procesSedore detailed simula-
1(mm* L 5) state PEHSs starting from the FC geometry. They were tions are in any case required. Regarding the measurements in
obtained by using the velocity-Verlet algoritBhand employed aqueous solution at room temperature, guanine nucleoside and
ab initio two-state SA-CASSCF analytical gradiéhta the full nucleotide yielded lifetimes of 0.46 and 0.86 ps, respec-
space of coordinates (see more details in the Supportingtively.”828Whereas it can be expected that the ultrafast50
Information). In this two-state reaction dynamics calculations fs) component may not have been measured in those conditions,
the molecule reaches, in a time period shorter than 148 fs, whichit is more likely that the gas-phase 0.36 ps compdfiéstelated
is the measured lifetime for the ultrafast decay detected in to that observed in solution, and probably larger because of the
guaninet® a region with a near degeneracy between the ground destabilization undergone by the’hstates in polar and protic
and thel(zz* L ) state and ends in a molecular structure close environments.
to (gsktm* L 5)c. These calculations, which have just a qualita- ~ 3.4. Photochemistry of Nonnatural Guanine Tautomers.
tive value, are part of a more complete and ongoing study of The same strategy employed to study the 9H-guanine photo-
the molecule dynamics and help to illustrate that, as suggestedchemistry has been here used to analyze the properties of the
also by us in other DNA/RNA nucleobasEg32545the system, singlet excited states of the most stable tautomers in the gas
at least along its low-energy paths, is able to reach the CI

(82) Pecourt, J. M. L.; Peon, J.; Kohler, B.Am. Chem. So200Q 122 9348-
9349

(80) Andersen, H. CJ. Comput. Phys1983 52, 24—34. (83) Pecohrt, J. M. L.; Peon, J.; Kohler, B Am. Chem. So2001, 123 10370~
(81) Stalring, J.; Bernhardsson, A.; Lindh, Rol. Phys.2001 99, 103-114. 10378.
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Figure 10. Low-lying singlet excited states of 7H-guanine computed at the CASPT2//CASSCF level from the F@oradon ground-state geometry
along the minimum energy path (MEP) on tHax* L ) state.
phase: 7H-guanine and two hydroxyl derivatives, 9H-60H- energy barrier prevents favorable access to such Cl seams. As
guanine and 7H-60H-guanine. Figure 10 (and Figures-306 proved beforé@# after surmounting the barrier related to the
in the Supporting Information) display computed MEPSs for the planar minima, there is a path leading to such Cls at low
abovementioned molecules along their respectiver* L ) energies, but it will be difficult to obtain experimental evidence
states’ PEHs, whereas the corresponding MEPs along theof its presence because of the extremely fast decay that would
(za* L) states’ PEHs have been collected in the Supporting take place. In general, exciting at low energies leads to large
Information. In all three cases the former state is related to the lifetimes, sometimes in the order of nanoseconds, because true
transitions with the largest oscillator strengths at low energies. state minima are being populated, something that does not occur
The most striking feature is evidently the fact that all computed when the system evolves directly to the CI involving the bright
MEPs lead toward planar local minima, unlike what occurred 1(zz* L ) state, which is a protagonist of the ultrafast relaxation
in 9H-guanine, in which thé&(zzr* L ;) MEP yields a barrierless by proper molecular deformations. Finally, it can be mentioned
path toward (gstm* Lg)ci. This behavior of guanine is not that optimization of the lowed{nyz*) state in 9H-60H-guanine
exclusive; also in adenine our previous studies proved that only directly leads to a ClI with the ground state, (gsf)c (see
in the natural tautomer th¥zz* L ;) MEP is barrierless, and  Supporting Information).
no local minima lie along the path unlike, for instance, in the  Controversy still remains about the role that the different
similar species 7H-adenine and 2-aminopufif®. As the mechanisms play into the deactivation of the nucleobases,
presence of the barrierless path can be associated with thealthough most of efforts have been concentrated on adenine and
existence of favorable and ultrafast internal conversion processeslerivatives. Direct deactivation via ther* state has been
in the studied sytems, this common behavior can be envisageddisputed on the basis that more amplitude in the transient
as a pattern for natural nucleobases. They could be consideredgpectrum of m* has been detected at higher energfeSuch
as the best outcome of natural selection to obtain those piecesan argument ignores that two different* states are involved
for the genetic material that could become more stable uponand nothing prevents an increased populationsof through
UV irradiation, especially abundant in early stages of life on the Ly, state, which is a relaxation process also suggested here
Earth® as source of the picosecond decay in nucleobases. Also the

The presence of local minima along the MEPSs, and conse- proposed major participation of the in-plane-N dissociation
guently the existence of energy barriers decreasing the efficiencychannel via a Cl of the ground state and ai state?1:32.77.84s
of the ultrafast decay, does not imply that a low-lying Cl of the under debaté’-?*and it has been recently questiorféd@®Most
(gstr* L) type does not exist. Such a crossing can be of the suggestions should have to wait until more comprehensive
considered an intrinsic property of the system: it is related with experiments and theoretical calculations including dynamics
the orbital structure in the molecule, H and L in particular, and aspects are carried out at appropriate levels for all nucleobases
derives from the fact that a biradical form can most probably and their nucleosides and nucleotides. A recent Sfyaipved
be found at low energies. However, even if such funnels exist, that upon a covalent substitution, for instance that in propan-
higher barriers and longer, most favorable paths to access theodeoxyguanosine, which consists of an additional ring that
corresponding Cls are computed in nonnatural nucleobaseshinders the out-of-plane distortion of the six-membered guanine
In faCt' as complled in Ta.'ble 2, we hav<_a computed similar 84) Satzger, H.; Townsend, D.; Zgierski, M. Z.; Patchkovskii, S.; Ullrich, S.;
(gstr* L gmec structures in all four guanine tautomers (see Stolow, A. Proc. Natl. Acad. Sci. U.S.A2006 103 10196-10201.
structures in the Supporting Information). They usually lie much (85) Schneider, M., Maksimenka, R.; Buback, F. J.; Kitsopoulos, T.; Lago, L.

)
87)

R.; Flscher IPhys Chem. Chem. Ph)&)OG 8, 3017-3021.
lower in energies than any other state minima, but their (86) Nix, M. G. D.; Devine, A. L.; Cronin, B.; Ashfold, M. N. RJ. Chem.
Phys.2007, 126, 124312.
photochemlcal_ relevance in 7H- gua_nlne, 9H- §OH guanine, and( Z YEI’SKI M. ZG Patchkovskii, S.; Takashige, F.; Lim, E.@hem. Phys.
7H-60H-guanine should be considered minor, because an Lett 2007, 440, 145-149.
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ring, the ultrafast relaxation vanishes, in a fashion similar to ing, with the oxygen atom almost perpendicular to the ring;
that which happened when substituting adenine with an amino second, and via the corresponding Cl, the system can reach the
group in position G, yielding 2-aminopurine, a highly fluores-  (zzz* L ;) state surface and the easily accessibler@sL o)c).
cent purine derivative’ Either of these paths could be related to the measured 0.8
0.36 ps relaxation in molecular beaf<? Finally, we have
carried out a detailed study of the (gs* L ;) Cl seam. Different
The photoinduced relaxation processes taking place in thestructures are found: at the end of the MEP we obtain
guanine monomer have been studied by means of the high-(gstrzr* L 5)c), and by searching a minimum energy Cl we obtain
quality ab initio multiconfigurational CASSCF/CASPT2 pro- (gst* L 5)weci. Mapping the seam of Cls shows that an energy
cedure. The potential energy hypersurfaces (PEHSs) of the mostbarrier connects both structures, differing in particular in the
stable tautomers of guanine have been mapped, looking fordihedral angle related to the Nlmino group. Such a barrier
minima, transition states, conical intersections (Cls), and is photochemically irrelevant because the system does not
minimum energy paths (MEPSs) in order to determine the lowest- ride the seam of Cls; it will simply decay toward the ground
energy relaxation paths after UV absorption. The present state when reaching (gst* L 5)c; in the first accessed region,
findings complement previous studies on the other natural DNA/ that is, at the end of the MEP. The latter Cl is therefore the
RNA base monomers and allow designing a common framework one relevant in the photochemistry of guanine, unlike the
to rationalize the measured multiexponential ultrafast decays (gstzn* L o)meci. Such findings enhance the importance of
detected in the molecules in the femtosecond and picosecondcomputing MEPs as a strategy to locate the really relevant Cls.
time rang€1%7"The strongest point of the present study is the On the basis of the present and similar quantum chemical
calculation of MEPs describing the lowest-energy and most studies, work in the future will have to be focused in two
favorable reaction profiles, which lead to the accurate deter- directions: a more accurate theoretical determination of the
mination of energy barriers. In the natural 9H-guanine tautomer, molecular properties in solutioi;#8-20 still today an unsolved
once the brightzz* L, HOMO — LUMO singlet excited state  task, and more extensive calculations including the dynamical
has been populated, the computed MEP leads the molecule inaspects of the problem.
a barrierless way toward an out-of-plane methanamine (CN)-

IV. Summary and Conclusions
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