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In light of a recently published study on the IR spectroscopy of guanine in He droplets (Choi, M. Y.; Miller,

R. E.J. Am. Chem. So006 128 7320), the present letter proposes a new interpretation of the resonant
two-photon ionization (R2PI) experiments on gas phase guanine, which is supported by quantum chemistry
calculations. Whereas He droplet experiments detect the most stable forms, only one of these forms is observed
(very marginally) in the R2PI spectrum, which is actually dominated by three less stable “rare” tautomers,
whose stabilities lie in the-37 kcal/mol range. The absence of the most stable forms in the R2PI spectrum
suggests that a tautomer-dependent ultrafast relaxation process takes place in the excited state of these stable
tautomers. The present reinterpretation modifies qualitatively the picture of the excited state of guanine
tautomers and should contribute to the understanding of the deactivation mechanisms taking place in the
excited state of DNA bases.

Understanding the near-UV absorption of DNA bases is a A i C
key issue for the study of photoinduced damages to DNA ‘

material. In this context, the near-UV spectrum of guanine in a B Dl_'
supersonic expansion has been widely investigated using
nanosecond laser resonant two-photon ionization (R2PI).

Using the IR/UV double resonance technique, Nir et al. found |'g;anine
vibrationally resolved contributions of three different tautomers
(A, B, and C in Figure 1) and assigned them to three forms
among the most stable of guanine: one hydroxy-amino (enol) r T T r T .

form (either3 or 4) and two oxo-amino (keto) formg and1, 33000 33300 34000 34533,,“3:,?2;(6,"-1) 35500
respectively, by comparison between IR experimental and Fi : i . .

. . - igure 1. R2PI spectrum of guanine and 9-methylguanine as obtained
calculated _SPEC“%'US'ng the same experimental technique, our with a ns-UV lasef:® The origins of the four tautomers identified are
group confirmed the observation of the three forms@and indicated by arrows. The assignments of A and D to fofrasid4, re-
identified the contribution of a fourth tautomer,®8.0n the spectively, are based upon comparison with 7- and 9-methylated species.
basis of a comparison with the UV spectra of 7- and 9-methy- B and C features are assigned to oxo-imino conforngeasid 7 re-
lated specidsand of hydrate§, we concluded to different ~ Spectively, by comparison with theoretical calculations; see Figure 2.
assignments in terms of 7/9H tautomerism for the A, B, and C ) ]
features, that is5, 1, and 2, respectively. In particular, the ~ found to be due to a unique form: the same 9H enol anti
redmost intense band system (A), assigned to the N9H enoltautomer as the .D form of guanif€.The enol syn counterpart
form (either3 or 4) by the de Vries group was assigned by us 3 and the biologically relevant keto for@) calculated to be of
to a higher energy form: 7H enol sy& Finally, the fourth similar stability, are surprisingly missing, which suggested that
tautomer D observed was assigned to the 9H enol f6f# 9-methylation could have a dramatic effect on the excited
Paradoxically, the R2PI spectrum of 9-methylguanine (OMG) dynqmlcs of these taqtomérkioyvever, the several theoretlcal
is a much simpler, narrow-range, band system (Figure 1) and Studies focused on this point failed to account for this so-called

9-methylation effect?3 The issue was left at this point, until
* Corresponding author. Phone: 33 1 6908 2001. Fax: 33 1 6908 1213. @ very recent work by Roger Miller’s grotftprovided relevant
E-rpail: michel.mons@cea.fr. enlightening data, which enables us to propose an elegant way
*S:::Aks%ﬁcg)e/{te University to rationalize the puzzling UV R2PI spectroscopy of guanine.
) R. Miller and co-workers, working with molecules embedded

§ Ukrainian-American Laboratory of Computational Chemistry. ) :
' National Academy of Science of Ukraine. in He droplets, have developed a very powerful method to assign
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= ' I QEb a1, 2, and6 are oxo-amino (keto) forms$—5 are hydroxy-amino
j‘i}['!}_ ((_enol) forms_, and7 and8_ are oxo-imino forms. The relative ener-
4 ‘\v‘ X I ll II D gie$ " are in the following energy rangest—4, 0—1 kcal/mol; 5, _
= v g i ~3 kcal/mol; 6—8, ~7 kcal/mol. The next forms are found to be in
7Ea the 12 kcal/mol rang@ Although the precise relative energies depend
j‘:ﬁé on the Iev_el of theory used, these data provide an overview of the
5% I 1 H I I I A conformational landscape.
7K3 i " under isolated conditiorf$® the 9H enol anti4 tautomer
‘ l'JHI;)‘ observed in He droplets exhibits IR spectral features nearly
6 | - ‘ ; | ’ \'i i identical to those of the D form observed in R2P| experiments,
7K13a T ¢ with relative frequency differences of the order of 1 érfTable
. l’l:j[} 1). No such close counterpart can be found among the IR/UV
7 I I i - spectra for the three other conformefs-@) observed in He
7K13b - > R ! droplets (Figure 2). Even the A form, assigned to an 0X0-amino
- I&} (enol) form3-6 does not match the second oxo-amino rotager
8 I | H ‘ oy B in He dropletsThis demonstrates that the-A& forms obsered
T 895, T T in the R2PI experiment are not the same tautomers as those
3450 3500 3550 -1 3600 obsewed in He dropletsin other words, the two experiments
IR wave number (cm’) actually do detect different tautomer populations.
Figure 2. Theoretical IR spectra (B3LYP/6-315(d) harmonic Since the R2PI spectra reported are all mass-selected, the

frequencies of the NH/OH stretches) of the eight most stable forms of influence of impurities or of fragmenting clusters, whose UV
Chart 1 (color) compared to the spectra of the seven tautomers of signature would be seen on both cluster and guanine ion
guanine observed experimentally (black). The top four panels cor- channels is easily ruled out. Therefore, the immediate conse-
respond to the four tautomers observed by Choi and Miller in He quence is that the forms (AC) which are responsible for the

droplets (order of decreasing stability)Panels 5, 7, and 8 match the . - -
experimental IR data of forms A, C, and B, respectively, observed in intense features observed in the R2PI spectrum of guanine

the R2PI spectrum of guanii€® The D form observed in R2pI  Should actually be due to high-energy “rare” tautomers, whose
corresponds to the G9EDb form observed by Choi and Miller and exhibits Weak population cannot be detected under cold He droplet
the same band positions at the scale of the figure (the weak band atconditions. In the following, we will propose an assignment of
3466 cnt?! could not be observed in our modest signal-to-noise ratio A—C in terms of tautomers and discuss the possible reasons
IR/UV spectrunf). Colors indicate the nature of the stretching modes: for the absence of the most stable tautomers in the R2PI
NHo, red; N7/9H, green; N1H, blue; OH, violet; N3H, pink. The labels spectrum

of the spectral features on the right are those of Choi and Mil{ete . .
droplet data) as well as those of Mons et @R2PI data). The calculated Assignment of the A-D Forms Observed in the R2PI

NH and OH stretch frequencies are scaled by adjusted specific factorsSpectra. Our assignment of the D species to the 9Henol anti
(0.963 and 0.971, respectively). Calculated spectra are displayed onform 488 by comparison with the UV spectrum of 9MG is in
an arbitrary smaller intensity scale for the sake of clarity. agreement with the independent analysis of Choi and Mifler.
This form is the only form observed simultaneously in both
conformational contributions in vibrational spectra, based upon experiments. Concerning A, again the comparison with 7MG
comparison between the vibrational transition moment angles led us to assign it to the 7H enol syn fof§ The low-stability
determined from experiment and thedpyApplied to adenine argument of this form, which could be opposed so far, now
and cytosine, these studies led to IR spectra nearly identical toobviously disappears, since, apart from D, the observed tau-
those obtained in the gas phd8as expected from a soft matrix ~ tomers must be rare forms. With respect to B and C features,
like suprafluid He. For guanine, the same methodolbgy the assignment in terms of oxo tautomerism is not questionable
provides unambiguous evidence for the population of four because of the absence of the remarkable features in the 3580
tautomers under the He droplet environment. The very convinc- cm~! region, characteristic of the hydroxy forms (Figure*2§.8
ing agreement of the complete experimental set of data with Again, comparison with the IR spectra of tautomérand 2,
the quantum chemistry calculations enables Choi and Miller to measured by Choi and Miller, is informative, in particular
assign the IR spectrum (NH stretch region) to a mixture of the concerning the symmetric and asymmetric Ndtretch bands
four most stable forms1{-4), namely, the 7Hketo, 9Hketo, (Figure 2). This NH doublet, easily detected by Choi and
9Henol syn, and 9Henol anti tautomers (Figure®2)lhe Miller,* is not presenin the IR/UV spectra of forms B and
comparison with IR/UV double resonance spectroscoify? C236This suggests that the rare tautomers responsible for these
however, is quite intriguing. In contrast to what is generally features might be oxo-imino species, likeor 8, rather than
observed for other molecules, the IR He droplet data are not oxo-amino forms, as considered so 468 To confirm this
found to match the IR/UV spectra (Figure 2). Only one form point and to propose a more refined assignment, quantum
observed in He dropletéis also found in the R2P1 experiment  chemistry calculations of the optimized geometries and IR
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TABLE 1: Experimental IR Band Frequencies vs Theoretical Harmonic NH Stretch Frequencies (B3LYP/6-31+G(d) Level) for
the Four Tautomers Observed in the R2PI Experiment®

tautomer/UV band system experimental frequency experimental frequency scaled harmonic intensity
origin transitior§ He droplet* R2PI frequency (cm™?) (km/mol) assignment
4 N9H hydroxy-amino 3590.6 3590 3594 81 OH
(9H enol anti) 3583.2 3583 3580 45 NEntisym.
D: origin: 34 755 cm* 3509.6 3508 3509 73 N9H
3466.1 not observed 3463 75 NBlym.
5 N7H hydroxy-amino 3587 3582 80 OH
(7H enol syn) 3577 3570 40 NHantisym.
A: origin: 32 864 cnm* 3516; 3515 3520 83 N7H
3462 3456 58 Nkisym.
7 N7H oxo-imino 3508; 3503 3509 104 N7H
C: origin: 33 910 cm* 3497; not observed in ref 6 3501 66 N3H
3450; 3449 3467 76 N1H
not observed 3375 11 NH imino
8 N7H oxo-imino 35086; 3504 3511 103 N7H
B: origin: 33 269 cm* 349C; not observed in ref 6 3495 94 N3H
3456 3470 49 N1H
not observed 3386 13 NH imino

aNH and OH stretches are scaled by specific factors (0.963 and 0.971, respectively).

harmonic frequencies of formk—8 have been carried out at  implicitly requires that the lifetime of the excited state is long
the B3LYP/6-31-G(d) level of theory (Supporting Information  enough for allowing fluorescence emission or photoionization
Table S1), which was previously successfully used to account during the laser pulse. In the R2PI case, the ionization potential
for the enol rotamers3(-5) of guanine derivative$The results, (IP) of the species probed should also not be too high to be
depicted as colors sticks in Figure 2, are compared to the reached by two-photon excitation.
experimental IR data (black sticks). The excellent agreement The absence of the most stable formis-8) in the R2PI
enables us to assign unambiguously the B and C features to theexperiments can be due a priori to several factors: (i) a high IP
two rotamers/—8 of the oxo-imino 7H tautomer. The NH band for these species could forbid the two-photon ionization, (ii)
of the imino group, much weaker and more red-shifted than unfavorable FranckCondon overlap might forbid the adiabatic
the other features, due to the relative weakness of the imino excitation to therz* state and therefore lead to a significantly
NH bond, was not observeed. The N3H band, however, gives  blue-shifted, congested, and complicated spectrum, (iii) ad-
rise to a characteristic prominent absorption in the 3490'cm ditionally, an intrinsic ultrafast relaxation procéssan quench
range. Despite a strong similarity between the two IR spectra, the excited state population either as soon as the origin of the
the details of the two band pattefrare well reproduced by  zz* state or after some excess energy and make therefore the
theory, suggesting to assign the B and C band systems of Figureabsorption spectrum either severely broadened or quite narrow-
1 to forms8 and?7, respectively. One will notice that the other ranged, and, finally, (iv) the absorption features may not be
rare 7H oxo-amino fornm6é does not match any IR spectrum located in the spectral region probed so far. All of these factors
experimentally available and is therefore observed neither in might combine together to forbid us the observation of the stable
He droplets nor in R2PI spectra. tautomers in the previous experiments, even if, so far, a wide
The impressive match of the theoretical IR spectra with their spectral range has been investigated. Using R2PI, the 32 150
experimental counterparts provides good confidence for the 35 700 cnt! range has been scanned, including a two-color
assignment and illustrates the level of prediction which can be R2PI schemé,in order to keep the capability to photoionize
expected from quantum chemistry. The poor agreement observedigh-IP species (second color at 193 nm). The upper part of
previously, together with the spectroscopic inconsistencies this range (32 7005 700 cnt?l) region was also probed by
discussed in ref 6, were actually the indication of a misassign- fluorescence, which is not impeded by the high-IP issue. A
ment. These clues were discarded on the legitimate basis thapossible explanation for the missing features might be that the
species observed under supersonic expansion conditions shouléteto forms1 and2 exhibit very red-shifted UV transitions, in
be a priori the most stable species, namely, folnad 2. a region not yet investigated, even if this does not seem to be
The present reassignment also solves the puzzling so-calleda definitive argument for three reasons. First,tw adiabatic
9-methylation effect the most intense band systems in R2PI transitions of thel—4 conformers have been predicted to lie in
spectra do not correspond to the most stable forms but to rarethe same energy range!® Second, calculations also suggest a
7H tautomers: the biologically relevant 9H kefband the very large change in equilibrium geometry between the ground
9Henol syn3 forms are therefore missing inoth the R2PI and first zz* statesti~1317-21 Consequently, the Franek
spectrum of 9-methylguanine and that of guanine. Condon envelop is expected to be broad, comparable in spread
Gas Phase R2PI vs He DropletsThere is no obvious reason  to that observed by R2PI for forms-AC.13-8 Finally, the
to expect that the tautomer populations should be so different second rotamer of the 9H enol-amiBdorm, whose spectrum
in the two experiments and the explanation for the dichotomy is expected to lie in the vicinity of its twin form, could not be
observed should be found elsewhere. The detection schemes imetected, neither in guanine nor in 9MG.
both experiments are quite different. In He droplet studies, IR All of these facts suggest the occurrence of a fast nonradiative
absorption spectra are measured as a directly consequence aklaxation of the excited state of tHe-3 forms which would
the energy absorbed. In contrast, gas phase IR/UV doubleprevent their observation in both the R2PI and fluorescence
resonance measures population depletions, which are monitoredgxperiments. This is supported by the following points: First,
using a selective detection process based on UV absorption,the weird narrow-range spectrum of the D ford), composed
namely, by collecting either fluorescence from the excited state of a few fluorescent bands in guanine and 9MG, compared to
or ions produced through a R2PI scheme. This procedurethe rich and long spectra of forms A or C (Figure 1), suggests
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a dramatically sudden onset of relaxation occurring a few the probably weak features of the missing tautomers. Alterna-
hundreds of wavenumbers above the* origin transition. tively, the presently revised experimental data pertaining to an
Recent calculations indicate that, in the biologically relexant  enlarged set of tautomers should help understand the mecha-
form, an internal conversion process, controlled by a conical nisms controlling the excited state relaxation dynamics in the
intersection (CI) with the ground state, is expected to occur close DNA bases11-13.17-20.2228n particular its dependence with
to the origin of the excited state~(L.7 kcal/mol)}” Such a the tautomeric form.
process would qualitatively account for the sudden quenching _ _ _
of the excited state of D and also possibly for the three other ~Acknowledgment. This work is dedicated to the memory
formsy S|nce one can expect the |Ocat|on Of the C0n|ca| Of R. E. Mi”er, deceased in 2005, Whose SpeCtrOSCOpiC StudieS
intersection to be tautomer-dependent. A Cl located closer to in He droplets have greatly contributed to the understanding of
the origin would make the excited state ultrashort-lived, complex molecular species.
forbidding its observation by nanosecond R2PI or fluorescence.
This is also consistent with the ultrashort lifetime measured for
the ma* excited state of guanine (mainly a mixture of its four
most stable tautomers) at 267 nm, which is the shortest of all
the DNA base#? In contrast rare tautomets 7 and8 are all
long-lived, fluorescent well above their origin transition, which - peferences and Notes
makes easy their detection by R2PI with nanosecond lasers. o _ _ )
Despite their probably very weak population, their features, not 199é1)12'\]':r;1§§'69race’ L.; Brauer, B.; de Vries, M. 8. Am. Chem. Soc.
hidden by those of the most stable forms, become measurable (2) Nir, E.; Kleinermanns, K.; Grace, L.; de Vries, M.BPhys. Chem.
In the present case. ; ; A 2021 l%lQaES'lgg-nzen C.; Imhof, P.; Kleinermanns, K.; de Vries, M. S
In summary, the present letter rationalizes the gas phase and C(hgm.lghy”QOOZL 115 acoa. R M.
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Supporting Information Available: Table showing calcu-
lated harmonic NH/OH stretch frequencies of the eight forms
of Chart 1. This material is available free of charge via the
Internet at http://pubs.acs.org.
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