JIAICIS

ARTICLES

Published on Web 05/16/2006

Four Tautomers of Isolated Guanine from Infrared Laser
Spectroscopy in Helium Nanodroplets

Myong Yong Choi* and Roger E. Miller?

Contribution from the Department of Chemistry, The dé¢msity of North Carolina,
Chapel Hill, North Carolina 27599

Received February 9, 2006; E-mail: mychois@unc.edu

Abstract: Infrared laser spectroscopy is used to study the four lowest energy tautomers of guanine, isolated
in helium nanodroplets. The large number of vibrational bands observed in the infrared spectrum are
assigned by comparing the corresponding experimental vibrational transition moment angles with those
obtained from ab initio theory. The result is the conclusive assignment of the spectrum to the N9H-Keto,
N7H-Keto, N9Ha-Enol(trans), and N9Hb-Enol(cis) tautomers. The dipole moments of these tautomers are
also experimentally determined and compared with ab initio theory.

these systems are thermally stable, making vaporization by
simple thermal evaporation possible, guanine has proven to be
somewhat more challenging. Indeed, Nir et‘ahave recently

stated that “Especially guanine cannot be vaporized intactly by
simple thermal heating.” For this reason, considerable effort has

_cetntraltr(_)Ie 'E mut;tatu_)ﬁ_.ln rﬁ? er_1t yler:lrsd, therte has be?r? ?rg\’\;'n_? dbeen expended by several groups to make use of laser desorption
interest in characterizing the isolated systems so that detalled, oy, ,q44-16 yhich suffer less from thermal decompositignt®

comparisons can be made_ betweep theory and experiment. To Because of its thermal instability, guanine is the only NAB
date, however, the theoretlcal studies of these systems have.fa](Or which microwave spectra have not been repoffefls a
outpaced the expenments. Nevertheless, there are a glroV\”n(‘:’result, the experimental identification of the tautomers of
number of experimental methods that provide at least someguanine has been attempted exclusively by infrared laser
information on these important systems, in_ particular using spectroscop§:4152+23 It is interesting to note that even
rnlcrowgvé " and IR-UV lasef?® spe_ctroscp pic metk_lods: An microwave spectroscopy, often considered the most definitive
|ntgrest|ng aspept of many NABs, including guanine, is the gas-phase structural probe, can have difficulties in distinguishing
existence of various conformers, and a number of gas'phasf}vetween the various tautomers for NABs, as we previously
StUdies. have be_en dir_ected at i_dentifying these structures an demonstrated for cytosirfé The gas-phase inf’rared studies from
determ.mlng thglr relative e!']erg|é%il3 ) a number of different laboratories have also produced conflicting
Studies of this type require that the molecule be vaporized, gir,ctural assignments. Specifically, Mons et5and Nir et
so that gas-phase spectroscopy can be used. Although many of 8,14 have both used IRUV depletion spectroscopy to study
the tautomers of guanine, with conflicting results. Figure 1
shows the various tautomers of guanine, which differ in the
location of the hydrogen atom attached to the nitrogen atom in
position 7 or 9, in their keto and enol forms. In addition, the
enol forms have two rotational orientations of the OH group,

(14) Nir, E.; Pluzer, Ch.; Kleinermanns, K.; de Vries, Mur. Phys. J. 2002
20, 317-329.

|. Introduction

Nucleic acid bases (NABs) are of fundamental importance
in biology, forming the building blocks for the genetic code
for life.? Their various tautomers have been shown to play a
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N7H apply this method to the study of the various tautomers of
guanine. We obtain conclusive assignment of the infrared spectra
(3400-3650 cnt region) of the guanine tautomers as a result
of comparisons of the experimental vibrational frequencies,
( s VTMASs, and dipole moments with those obtained from high-
GYK (2.2/3.0) G7K (0.0) level ab initio calculations.

Keto

Il. Experimental Method

trans The infrared spectra of isolated guanine were obtained using a helium
nanodroplet apparatus that has been described in detail previ8usly.
Helium nanodroplets were formed by expanding ultrahigh-purity helium
(99.9999%) in a vacuum through a/ diameter orifice. The spectra
were recorded using a source pressure of 55 atm, the nozzle being
maintained at 21 K by use of a closed-cycle helium refrigerator. Under
cis these conditions, droplets are produced with a mean size of ap-
proximately 3000 helium atoms. The droplets were doped with guanine
GIED (4.6/5.4) GTEDb (43.5/46.9) from the gas phase, using a heated oven. Although there have been a
Figure 1. Ab initio structures and relative energies (MP2/aug-cc-pvVDZ number of failed attempts at evaporating guariffe>due to thermal

level) of the various tautomers of guanine. Amino-oxo (keto) and amino- decomposition of the sample, we observed no such effects at the oven
hydroxy (enol) are classified by certain fu_nctional groups in the positions temperature of 350C used here. The present success is most likely

2 and 6 of the purine base, namely Nfamino-), G=0 (-ox0), and G-H the result of the fact that helium nanodroplet experiments require much
(-hydroxy). In addition, the enol forms have two rotational orientation of lower va han th icall din free-i i

the OH group: trans (a-form) and cis (b-form) to the five-membered ring. por pressurgst ant 10se typically used in free-jet experiments.
The values in parentheses give the energies relative to G7K in kilojoules For all of the experiments discussed here, the oven temperature was
per mole with/without a harmonic zero-point energy correction. Only the adjusted so that the only significant features in the corresponding spectra
four lowest energy tautomers are experimentally observed in the presentare attributable to the guanine monomer.

study. The seeded droplets pass between two parallel gold-coated mirrors,

) ) ) where they are irradiated by multiple passes of a continuous-wave
which are designated as a and b. Because the naming schem@gnable infrared laser (a PPLN-OPO 148é). Upon vibrational

are not the same, we have introduced a third nomenclature,excitation of the solvated molecules, vibrational relaxation to the helium
which is somewhat more systematic than the other two. Nir et results in the evaporation of several hundred helium atoms from each
al314observed spectral features which they assigned to the G9K,droplet. Detection is then based on the depletion of the helium beam
G7K, and G9Ea tautomers, whose structures are shown in Figurelux in the forward direction, using a bolometer detectbin practice,

1. In contrast, Mons et &P reported the observation of four the laser was amplitude modulated, and the signals were recorded using
isomers, corresponding to structures of GOK, G7K, GOE(a or Phase-sensitive detection. ) _ _ _

b), and G7Ea in Figure 1. The disagreement with regard to the A large dc electric field was applied to the laser interaction region

assignments of the observed tautomers has not been resolve sing two E|e°tr.°d.es positione d at nght angles to the mulnpgss cell.
o date he laser electric field was aligned either parallel or perpendicular to

. . . the dc electric field. The signal levels associated with a given vibrational
The primary reason for the discrepancy between the variousanq could then be recorded as a function of the electric field strength

assignments is that the vibrational frequencies of the various gng polarization direction. This was necessary in order to measure the
tautomers are rather similar, making it difficult to unambigu- associated VTMAs. At the low temperatures characteristic of both free-
ously assign the structures simply by comparison between thejet expansior®:35-38 and helium nanodrople#8; 2 a polar molecule
experimental and ab initio vibrational frequencies. We have can be strongly oriented along the dc electric field direction. For such
recently introduced a new approach for assigning such vibra- an oriented molecule, the infrared transition intensity depends on the
tional spectra, based upon comparisons between the vibrationaflirection (relative to the permanent dipole direction) and magnitude
transition moment angles (VTMA®) determined from theory of both the vibrational tra_nsmpn moment and the laser electric fleld._
and experiment. These VTMASs are defined as the angle betwee I_n the present §tudy', the vibrational bands were re_corded at zero electric
s . - - ield and at high fields (80 kV/cm) corresponding to parallel and
the transition moment for a particular vibrational mode and the
permanent electric dipole moment. The experimental measure-3o) Nauta, K.; Miller, R. E.J. Chem. Phys1999 111, 3426-3433.
ment of these angles requires that the molecule be oriented in(31) Lindinger, A.; Toennies, J. P.; Vilesov, A. §. Chem. Phys1999 110,
the laboratory frame of reference, which is done using a large (32 1429 1436,
)

G9Y9Ea (3.4/4.4 .7/16.
Enol al( ) G7Ea (14.7/16.1)

Schneider, K.; Kramper, P.; Schiller, S.; MlynekQpt. Lett.1997, 22,

direct current (dc) electric field. This pendular-state spectroscopy = 1293-1295. _
. . . . 9 (33) Schneider, K.; Kramper, P.; Mor, O.; Schiller, S.; MlynekAdlvanced
has been discussed in detail in the literafifré Solid State LasersTrends in Optics and Photonics 19; Optical Society of
inh- i America: Washington, DC, 1998; pp 25858.
. We. have found that, for high frequen.cy_.BK StrEtChlng (34) Gough, T. E.; Miller, R. E.; Scoles, @ppl. Phys. Lett1977 30, 338—
vibrational modes, the VTMAs are quantitatively determined 340.
by modest ab initio calculatior’s. Unlike the vibrational (39) 1':53§837Gl-5%é_'31'28é’*- S.; Lafferty, W. J.; Miller, R. &. Chem. Phys.
frequency calculations, no scaling factor is required for the (36) wu, M.; Bemish, R. J.; Miller, R. EJ. Chem. Phys1994 101, 9447—
; 1 ; 9456.
comparison between experiment and theory. In this paper we(37) Bemish, R. J Chan, M. C.: Miller, R. EEhem. Phys. Lett1996 251,
182-188.
(25) Dong, F.; Miller, R. EScience2002, 298 1227-1230. (38) Moore, D. T.; Oudejans, L.; Miller, R. B. Chem. Phys1999 110, 197—
(26) Rost, J. M.; Griffin, J. C.; Friedrich, B.; Herschbach, D. FRys. Re. 208.
Lett. 1992 68, 1299-1301. (39) Nauta, K.; Miller, R. ESciencel999 283 1895-1897.
(27) Block, P. A.; Bohac, E. J.; Miller, R. ERhys. Re. Lett. 1992 68, 1303— (40) Nauta, K.; Miller, R. EPhys. Re. Lett. 1999 82, 4480-4483.
1306. (41) Miller, R. E.SPIE Proc.1998 3271 151-163.
(28) Friedrich, B.; Herschbach, nt. Rev. Phys. Chem1996 15, 325-344. (42) Nauta, K.; Moore, D. T.; Stiles, P. L.; Miller, R. EScience2001, 292,
(29) Friedrich, B.; Herschbach, D. Rlature 1991, 353 412-414. 481—-484.
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perpendicular laser polarization directions (relative to the dc field). The Aa) = fh q
approach is quite analogous to that of linear dichroism in bulk pHases. 0

Vibrational Transition Moment Angles (VTMAS). The permanent
dipole orientation distribution for a polar molecule in a dc electric field — cos sin 6 cosa]?sin 6 do (4)
can be calculated accurately using the methods discussed most
thoroughly by Kong and co-workef§.46 Given that the present  As a result, the ratio of the intensities corresponding to parallel and
vibrational spectra are not rotationally resolved, the dipole orientation perpendicular polarization is given by
distributionsP(cos6), represent a thermal average over the Stark levels

21 7 .
17 fo dy ﬂ; P(cos8)[cos ¢ cosh cosy sina. —
sing siny sina

at the rotational temperature of the molecules in the droplets (0?37 K Aa)
This distribution is given by p(o) = A(a) =
. w 2 ["P(cost)[2 coS 6 + sin o — 3 cod 6 sirf o]sin ¢ do
P(cos0) = L P(cos@.¢)) dp = ,(1+ § aP,(cosb)) = 5)
e " j; P(cosh)[2 — sirf . — 2 co 0 + 3 cog 0 sir? o]sin 6 do
where The experimental intensity ratios are obtained by integrating the area
under the vibrational bands (with parallel and perpendicular polarization
kT M M configurations), using the corresponding field-free spectra to normalize.
a,=(n+172) Z N z e Z CJlel CJszz L+ The latter is necessary given that a different laser alignment was needed
i 2R S8 for the two measurements and one could not rely on the optimizations
eIt MR alone to ensure that the overall pumping efficiency was the same for
2 both. The VTMAs for the various vibrational modes of the molecule
(2, +D@L+DI (3, 3 n\f i n 9 were then determined by comparing the calculated intensity ratios with
2 M —M 0/\K —K O ) those obtained from eq 5.

33 N Ab Initio Calculations. The ab initio VTMAs, obtained by full
( 2 =1 )is a 3J symbol, geometry optimization and harmonic vibrational analysis using Gaussian
M -M 0 03° were carried out using MglletPlesset perturbation theory at the
second-order level (MP2) with a 6-3+#G(d,p) basis set and an aug-
cc-pVDZ basis set. Figure 1 shows the lowest six tautomers of guanine,
with relative energies listed in kilojoules per mole, with and without

Nw is the degeneracy for eadhvalue, and\k is the nuclear statistical
weight. It is important to note that the Stark energies in this equation

depend on both the dipole moment of thfe molecule and its rotational zero-point energy corrections. In both cases, the amino-oxo G7K
constants. quever, the thermal average is ohly.weakly dependent_upor}automer has the lowest energy. In general, the free energy is more
these quantlt!es, so that we can use the ab initio values (the rotatlonaluseful for comparison with experiment, particularly given that guanine
constapts be_lng r_educed py a factor of 3 to account for the effects of ;g produced at a temperature of 38D in the oven. Rapid quenching
the heliunf?) in this analysis. of the guanine upon capture by a helium droplet is likely to freeze in
With the molecule oriented in the laboratory frame of reference, the corresponding tautomer population distribufib®; > making the

the vibrational band intensity depends on the anglélefined as the free energy at the oven temperature the most relevant quantity. Figure
angle between the permanent electric dipole and the transition moment2 shows a plot of the calculated free energies for the lowest four
(the VTMA). For a vibrational mode with its transition moment parallel tautomers of guanine. The vertical dashed line corresponds to the
to the permanent moment, and therefore also the dc electric field, the experimental conditions used here. According to this measure, the G7K
intensity of the associated band is enhanced by the application of a dctautomer is the most stable tautomer, which agrees generally with the
field when the laser electric field is aligned parallel to the dc field. energy ordering of the various tautoméfs\evertheless, all four of
Rotation of the laser polarization by 9@ill result in a field-induced these have sufficiently low free energies in comparison to the
decrease in the corresponding band intensity, because in this case théemperature of the oven that we would expect to see them all. In
laser is polarized perpendicular to the transition moment. At the magic contrast, the next-lowest form lies approximately 15 kJ/mol higher in
angle (54.7), the intensity of the band will not depend on the electric  free energy and therefore is unlikely to be present in our samples. The
field.4° Throughout this paper, parallel and perpendicular polarization relat'lve intensities of these four taumomers will be dlscusse_d below.
configurations correspond to the laser being polarized parallel and F19uré 3 shows the four lowest energy tautomers of guanine, onto

perpendicular to the dc electric field, respectively. The parallel and Which are superimposed vectors representing the directions of the
perpendicular band intensities can now be written in terms of both permanent electric dipole moments (solid arrows) and the vibrational
and the permanent dipole distribution: transition moments (dashed arrows). The magnitudes of the various

moments are given in Table 1. It is clear from the figure that the patterns
o o . of VTMAs for the various tautomers are quite different, making them

A(o) = j(') do j; dy j; P(cos6)[sin 6 cosy sino. — a usgfgl tool fgr assigning the associated vibrationgl spectra.

It is interesting to note that the permanent electric dipole moments

2 .
cost cosa]”sin g do (3) are quite different for the four tautomers shown in Figure 3, namely

(43) Holmen, A.J. Phys. Chem. A997 101, 4361-4374. (50) Frisch, M. J.; et alGaussian 03Revision C.02; Gaussian, Inc.: Walling-

(44) Kong, W.; Bulthuis, JJ. Phys. Chem. 200Q 104, 1055-1063. ford, CT, 2004.

(45) Kong, W.Int. J. Mod. Phys. B2001, 15, 3471-3502. (51) Potts, A. R.; Baer, TJ. Phys. Chem. A997 101, 8970-8978.

(46) Franks, K. J.; Li, H. Z.; Kong, WJ. Chem. Phys1999 110, 11779~ (52) Potts, A. R.; Baer, TJ. Chem. Phys1996 105 7605-7612.
11788. (53) Potts, A. R.; Baer, TJ. Chem. Phys1998 108 869-875.

(47) Hartmann, M.; Miller, R. E.; Toennies, J. P.; Vilesov, A.Fhys. Re. (54) Reva, I. D.; Stepanian, S. G.; Adamowicz, L.; Fausta@CRem. Phys. Lett.
Lett. 1995 75, 1566-1569. 2003 374, 631-638.

(48) Callegari, C.; Lehmann, K. K.; Schmied, R.; Scoles, JGChem. Phys. (55) Pettersson, M.; Macoas, E. M. S.; Khriachtchev, L.; Fausto, R.; Rasanen,
2001 115 10090-10110. M. J. Am. Chem. So@003 125, 4058-4059.

(49) Michl, J.; Thulstrup, E. W.Spectroscopy with polarized light: solute (56) Choi, M. Y.; Miller, R. E.Phys. Chem. Chem. Phy&005 7, 3565-3573.
alignment by photoselectipm liquid crystals polymersand membranes (57) Hanus, M.; Ryjéek, F.; Kabelg, M.; Kubaf, T.; Bogdan, T. V.;

VCH Publisher Inc.: Weinheim, 1995. Trygubenko, S. A.; Hobza, B. Am. Chem. So003 125 7678-7688.
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4] " " " ' v spacing between the various bands. Note, for example, that there

sv v IG9EAb_ is a large discrepancy between the experimental and scaled ab
- 3 " v LA 4 GYEa] initio frequencies for the two free ©H stretching bands of the
'E 24 L A 4 1 G9Ea and G9Eb isomers. As we will see below, the group of
§ 1]t | bands in the experimental spectrum, near 3575¢cincludes
c these G-H stretches. Even if a pumiprobe method were used
] 0 mmues = = = % = = ® m- . .
3 GIK to separate out the spectra for the different tautomers, a unique
1] o *orx assignment could not be made, given that some of the vibrational
2 mee © * ° « 1 frequencies do not depend very strongly on the tautomer
(,L. M 40 60 80 1000 ggometry. We believe .that this is, in part, the reason .for the
temperature (K) differences in the assignments for the various experimental

studies.
Figure 2. Ab initio free energies for the four lowest energy tautomers of .
guanine as a function of temperature. The vertical dashed line corresponds  In an effort to overcome the problem discussed above, we

to the experimental conditions used here at 620 K. now turn to the measurement of the VTMAs for the various
bands in the experimental spectrum. Figure 5 shows an expanded
N NH (S view of the highest frequency cluster of bands near 3585'cm
. measured with (a) parallel polarization, (b) zero electric field,
and (c) perpendicular polarization (the corresponding electric
field being 80 kV/cm). Given that these bands do not correspond
- v at all to the scaled ab initio calculations, an assignment based
NiH sugsd P TP N upon frequencies would be pure guesswork. However, quali-
ook | GTK tatively it seems reasonable that these four bands correspond
+ to the O-H and NH, asymmetric stretches of the G9Ea and
GOEa| GOED NH,(AS) G9Eb tautomers, which are the only ones that are anywhere
close to this region. This would imply that the-®! stretches
are much lower in frequency than predicted by the scaled ab
initio results, a fact that has been noted in previous stuidies,
while the asymmetric Nbistretches are higher than those from
theory. Stated differently, the empirical scaling factors for the
various vibrational modes are different, making the ab initio
Figure 3. The four lowest energy tautomers of guanine, showing the frequencies of limited use.
corresponding d_irections_ of the permanent eIeptric dipolg moments (the |t is clear from Figure 5 that two of the bands are enhanced
Ie_ngth of the sol!q arrow is proportional to the dipole magn_ltudes_) an(_j the in intensity by application of an electric field with parallel
vibrational transition moments (dashed arrows) for the various vibrational Nt ’ .
modes. The magnitudes of these moments are given in Table 1. polarization, while the other two are enhanced with perpen-
dicular polarization, one more strongly (iii) than the other (iv).
6.26, 1.88, 3.11, and 4.06 D for tautomers G9K, G7K, G9Ea, and G9Eb, Quantitative analysis of the data reveals that these two bands
respectively. Given that the experimentally measured dipole moments have experimental VTMAs of (i) 85and (iv) 65. This is to
for molecules solvated in helium are only slightly different from the e compared with the ab initio VTMAs for the-€H stretches
corresponding gas-phase vglﬁét‘nese can also be used to help in the of the G9Ea and G9Eb tautomers of&shd 57, respectively.
spectral assignments, as discussed below. Bands (i) and (i) were similarly analyzed to give experimental
IIl. Results VTMASs of 38° and 22, respectively. Here again, the agreement
o ) with ab initio theory is excellent, the corresponding values for
The upper panel in Figure 4 shows an experimental spectrtumne G9gEa and G9Eb tautomers being® 3ihd 20 for the
of guanine in helium that spans thg reg-ions corresponding to asymmetric NH bands. The ability to uniquely assign the
the N—H, NHz, and O-H stretching vibrations. The other four  gnectra of these rotamers has a great deal of potential for
pr?mels show the ab initio spectra (all scaled by a factor of 0.957 obtaining a more quantitative understanding of the intramo-
with & 6-311+G(d,p) basis set) for the four lowest energy |ecyjar interactions between various functional groups in such
tautomers of guanine. Unlike the IR-REMPI method used by @ gystems. Indeed, it is interesting to note that the experimental
large number of group’;*1>%%5%he present method does not  5_ syretch (3584.4 crrt) for the GOEa tautomer is lower in
separate out the contributions to the spectrum associated Withfrequency than the corresponding vibration for the G9Eb
the different tautomers. Rather, this linear spectroscopy shows ;iomer (3590.6 cm). This ordering and frequency difference
all of the bands in a single spectrum. The apparent difficulty (6.2 cntd) is in excellent agreement with the ab initio
with this is that there are many bands that are closely spaced, 5 iculations (6.6 cmb), even though the absolute scaled
makir\g an qssignmgnt based purely on the vibrational frequen'frequencies are not as well reproduced. Such differences are
cies impossible. This proble'm. !S compou.nded.by the fact that most likely reflective of the difference in the intramolecular
the accuracy of scaled ab initio calculations is less than the interactions in the cis and trans configurations. The same is true
for the asymmetric Nhlistretches, where again the ordering and
frequency differences for the cis and trans tautomers are

(58) Stiles, P. L.; Nauta, K.; Miller, R. ERhys. Re. Lett.2003 90, 135301
4

Eggg g‘[’ivtifer’r‘Tdf_’;-JNifjfgfag\‘/eﬂ”e“-sﬁ\g_osl_}ggiggﬂ;ﬁﬁf’my& Chem. Chem.  CONSistent between theory and experiment. It is worth pointing
Phys.2001, 3, 5466-5469. out here that the ability to resolve the spectra associated with
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Table 1. Experimental and ab Initio Vibrational Data for the Guanine Tautomers

harmonic scaled exptl IR ab initio exptl
frequency? frequency? frequency intensity VTMAs? VTMAs dipole
tautomer (cm™) (cm™) (cm™) (km/mol) assignment ) ) (D)
G9K 3701.3 3542.2 3544.5 38.7 NKAS) 44 50 6.26
3664.8 3507.2 3506.9 100.4 N9H 42 44
3606.6 3451.5 3437.9 58.8 N1H 80[77] 68
3587.7 3433.4 3444.5 44.7 NKSS) 31 40
G7K 3687.1 3528.6 3526.6 36.7 NKAS) 29 29 1.88
3660.6 3503.2 3504.8 120.2 N7H 73 73
3607.4 3452.3 3441.1 64.3 N1H 47[41] 20
3576.2 3422.4 3430.5 38.1 NKSS) 83 80
G9Ea 3801.1 3637.6 3584.4 109.6 OH (F) 57 65 3.11
3737.9 3577.2 3580.9 41.5 NKAS) 37 38
3669.6 3511.8 3511.3 104.0 N9H 34 33
3610.6 3455.3 3465.2 58.1 NKSS) 60 55
G9Eb 3807.9 3644.2 3590.6 100.3 OH (F) 83 85 4.06
3741.7 3580.8 3583.2 45.3 NHKAS) 20 22
3667.4 3509.7 3509.6 105.1 N9H 21 18
3612.3 3457.0 3466.1 66.2 NKSS) 73 73

aThe ab initio calculations were performed at the MP2/6-B+5(d,p) level, and the scaled frequencies were obtained by multiplying the harmonic
frequencies by a factor of 0.957The ab initio VTMAs for the NIH bands presented in square brackets were obtained at the MP2 level of theory with an
aug-cc-pVDZ basis set.

' ' ' ' G9Ea G9Eb
| | GYEb .
10011 ss NIH NOH \ ' ] G9Y9Ea
50 ] NVH:(8S) T NH,(AS) ]
o s S A v a
100 - NIH N7H 1
o T 50 NG9 T T NH,(AS) - ]
B ol T ) . —OH)
] Elgg NS N9"T NHy(AS) T 1 G9Ea
! 5 : :
E 120- NH,88) o NHas) OHOM oo
‘0_ T ] (iii)
3400 3450 3500 3550 3600 3650 3580 3585 30
wavenumber (cm) wavenumber (cm’")

Figure 5. Expanded view of the high-frequency section (OH and,NH
(AS)) of the guanine spectrum. Spectra a, b, and c correspond to parallel
olarization, zero field, and perpendicular polarization, respectively. The
ssignments shown in the figure are based upon comparisons between the

experimental and ab initio VTMASs and are consistent with the dipole curves

these cis and trans amino-hydroxy tautomers (G9Ea and G9Eb)Presented in the Supporting Information.

is afforded by the extremely low temperature and homogeneous, h 3505 i O in the th
environment provided by the helium nanodroplets. Indeed, the in the spectrum near 3505 ctn Once again, the three spectra

line widths typically observed in conventional matrices (argon, C°espond to (a) parallel, (b) zero-field, and (c) perpendicular
for exampl@-22616§ would be too broad for these four bands polarization conditions. It is encouraging that both theory and
experiment show four bands in this spectral region. Consider
We now shift our attention to the region corresponding to first the lowest frequency band (i), for which the experiments
the NH, asymmetric stretches of the GOK and G7K isomers show strongly perpendicular behavior. According to the ab initio
which according to the scaled ab initio calculations are at 3542.2 Calculations, the lowest frequency band should be the N7H
and 3528.6 cmt, respectively. Inspection of the NHAS) stretch of the G7K tautomer, as indicated by the vertical arrow
region (Figure S1 in the Supporting Information) reveals that 2t 3\?](.)3.2.bcm.. Asl candbe.seen.m Talf:)Ie 1,the ab |n|t|o.\:1Tl\r:IA
there are two bands that are in good correspondence with thesd" tis vibrational mode is 73in perfect agreement with the

ab initio frequencies and the VTMA assignments. It is interesting experimental value for the lowest frequency band in Figure 6,

to note that these weak bands have not been observed in previou@_"’lmely 73. Although the experimental and calculated frequen-
experimental studies of guanif&#15 cies do not match as well as for the other three bands, the

Figure 6 shows another expanded section of the guanineasg'gn(;n?n',[ |stIear.6 learlv h llel ch H led
spectrum, in this case corresponding to the most intense bands ana (i) in Figure 6 clearly has parallel c argctgr. € scale
ab initio frequency for the G9K tautomer is in excellent

agreement with experiment, and the ab initio VTMA (#for
this N9H vibration is also in excellent agreement with the
experimental value of £4 1t is evident that band (iii) is more

Figure 4. Survey spectrum of guanine isolated in helium droplets. The
corresponding ab initio vibrational spectra for the four lowest energy
tautomers of guanine are shown in separate panels below the experimental
spectrum.

to be resolved.

(61) Nowak, M. J.; Lapinski, L.; Fulara, &pectrosc. Actd989 45A 229
242

(62) Szciesniak, M.; Szczepaniak, K.; Kwiatkowski, J. S.; KuBulat, K.; Person,
W. B. J. Am. Chem. S0d.988 110, 8319-8330.
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GIK G9Eb G9Ea

GIK

. ‘_(h] (i) (iv) ]

1 |G7TK (29](1A GgEhT GQEaI i

3[4 3506 3508 3510 3512 30 3B 30 35
wavenumber (cm’") wavenumber (cm')
Figure 6. Assignments of the most intense bands in the guanine spectrum, Figure 7. Low-frequency section of the experimental spectrum, recorded
based upon the VTMAs. The three spectra correspond to (a) parallel under (a) parallel polarization, (b) zero field, and (c) perpendicular
polarization7 (b) zero field, and (C) perpendicu|ar polarization_ The three polarlzatlon conditions. The assignments of the Var!OuS vibrational bands
higher frequency bands correspond to the N9H vibrational modes of the are based upon comparisons between the experimental and calculated
tautomers shown, while the lowest frequency band is associated with the VTMAs.

N7H vibrational mode of the G7K tautomer.

VTMA of 80°), consistent with the ab initio VTMA for the
strongly parallel in character, given that the band is strongly NH;, (SS) of the G7K tautomer of 83 For band (ii) the
reduced in perpendicular polarization. The ab initio vibrational experimental VTMA is 68, compared with the ab initio VTMA
frequency suggests that this is the N9H vibration of the G9Eb for the N1H vibration of the G9K tautomer of 80The
tautomer. Indeed, the ab initio VTMA for this vibrational mode difference here is a bit larger than what we have seen for the
is 21°, in excellent agreement with the experimental value of other bands, but this band is also quite weak, making the
18°. Finally, band (iv) appears to have an intermediate VTMA associated experimental error larger (normal experimental error
between those of bands (ii) and (iii), based upon the polarization being within4+5—7°).2456 Bands (iii) and (iv) are both clearly
dependence of the band intensities. Assigning this band to theparallel in character, with experimental VTMAs of2énd 40,

N9H vibration of the G9Ea tautomer, as shown in the figure, is respectively. While the N1H stretches of the G7K and;&i5)
straightforward, based on both the experimental and ab initio of the G9K tautomers are both parallel bands, a comparison of
vibrational frequencies and the VTMAs. This is confirmed by the VTMAs alone does not allow us to distinguish which band
the ab initio VTMA for this vibrational mode of 37in excellent belongs to which tautomer. Therefore, at this point, we will
agreement with the experimental value of’38his spectral only tentatively assign bands (iii) and (iv) to GOK/MKISS)
region appears to be ideal for probing all four of the tautomers (ab initio VTMA, 31°) and G7K/N1H (ab initio VTMA, 47),

of guanine, with excellent signal-to-noise ratio. respectively. As shown below, the dipole moment measurements
The electric field and polarization dependence of the next for these bands will confirm this assignment.
two vibrational bands, near 3465 ci are discussed in the In view of the fact that some of the comparisons between

Supporting Information. Once again, the VTMAs for these two the experimental and ab initio VTMAs are outside the typical
bands are clearly quite different, which aids in their assignment. differences we have come to expect from the other bands of
This is particularly important in these cases, given that the ab this system, as well as from previous studie® we were
initio vibrational frequencies for the candidate vibrational modes interested in developing another approach that could give an
are in rather poor agreement with the experimental values, whichindependent test of the above assignments. We discuss here an
are summarized in Table 1. approach that takes advantage of the fact that the dipole
The final expanded spectra are shown in Figure 7, where we moments for the four tautomers of guanine (see Table 1) are
observe four vibrational bands. A quick tally of the modes all quite different. As a result, the dependence of the band
already assigned (12) suggests that we still have four vibrationalintensities on the magnitude of the electric field should be quite
modes to identify, given that there are a total of 16, namely different for these tautomers. In particular, a molecule with a
four vibrational modes for each of the four tautomers. Based small dipole moment will require a large electric field for
purely on the frequency ordering of the four bands, comparisons complete orientation, while much lower fields are needed to
with the ab initio frequencies would suggest that, from low to reach this saturation condition if the dipole moment is large.
high frequency, these bands should be assigned ag8&%) of Figure 8a shows a plot of the ratio of the integrated areas
G7K, NH; (SS) of G9K, N1H of G9K, and N1H of the G7TK  (Aparaliel polarizatioPAzero field fOr the various vibrational bands
tautomer. However, anticipating the assignment based on theassigned to the G9K tautomer. As indicated in Table 1, this is
VTMAs and dipole moment experiments (to be discussed the tautomer with the largest ab initio dipole moment. The solid
below), we note that this assignment is good only for the;NH lines represent the experimental data, while the various symbols
(SS) of the G7K tautomer. The observed N1H bands of the G9K show the results calculated using the methods discussed above
and G7K tautomers are shifted farther to the red (compared towith the ab initio dipole moment. The agreement for all four
the others), so they lie between the N{$S) bands of GOK  vibrational bands is clearly excellent. In contrast to the G9K
and G7K. data, we present in Figure 8b the corresponding results for the
Band (i) is clearly perpendicular in character (experimental G7K tautomer, which has the smallest dipole moment. In this
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2.0

. and the VTMAs. Although the separation between NAS)
v 31° [NH,(SS)] and NH;, (SS) vibrational bands of the G9K and G7K tautomers
1420 [NOH] is well predicted by ab initio calculations, the calculations fail
44° [NH,(AS)] to correctly predict the ordering of the N1H and Nt$S) bands
of the GOK tautomer (see Table 1). This discrepancy may have
several different sources, and the understanding of these could
provide further insight into this system. For example, the large
red shift in frequency of the N1H band of the amino-oxo
80° [N1H] tautomers (GO9K and G7K) is due to a strong intramoleclar
1 hydrogen bond. Since this interaction is sensitive to the relative
orientations of the &0, N1H, and NH groups and the ring,
the discrepancy with ab initio calculations may be a measure
of the quality of the local geometry of these functional groups.
47° [N1H] Indeed, for this band we also observe an unusual sensitivity of
1 the VTMAS on the basis set reflecting changes in the geometry;
however, for the other bands the theoretical VTMAS show no
) 732 [N7H] dependence on the basis set (the typical dependence of the
83% [NH,(SS)] VTMASs on different basis sets is only1—2°).25 This supports
| the above assumption that the VTMA discrepancy in the N1H
T 1o 20 30 30 20 <o 70 80 %o assignment results from the fall.ure of the 6-318G(d,p) basis
electric field (KV/cm) set to accurately describe the dihedral angles of the N1H groups
Figure 8. Plots of the electric field dependence of the ratio of the vibrational forthe GQ_K and G7K tautomers. In contrast, the dihedral angles
band intensities for the four vibrational modes of the (a) G9K and (b) G7K Of the adjacent and more remote H atoms of the;gkbup
tautomers, with and without the electric field and with parallel polarization. show no change with the basis sets and are in good agreement
The solid lines for the G9K and G7K tautomer show the experimental i1 experiment. The dihedral angles of the N1H group in the
results, while the symbols correspond to the calculations based upon the ’ . .
ab initio dipole moment of 6.26 and 1.88 D, respectively. G9K and G7K taytomers, obtained with an aug-cc-pVDZ/6-
. 311++G(d,p) basis set, are®° and 6/10° from the plane of
case the curves are much slower to reach the saturation levels . .
in agreement with our expectation. Here again, the agreementhe ring system, respectively. Better agreement for the N1H
) ’ t\/TMA assignments with the aug-cc-pVDZ basis set is observed

b.etwe.en theory and experlment. 'S .qu.ant|tat|ve .for allfour when compared to the calculations using the 6-816G(d,p)

vibrational modes. Now, the ambiguity in the assignments of . : . ST

bands (iii) and (iv) in Figure 7 based on ab initio frequencies basis set (see values in brackets in Table 1). This is likely due
to the fact that the intramolecular interactions of the N1H group

and the VTMAs is obviously resolved. Notice that, in order to -
get the best agreement between experiment and theory, the ban Setween the €0 and Nk groups are better described by the

(iii) and (iv) in Figure 7 must be attributed to the N1H G7K aug-cc-pVDZ basis set than by the 6-31£G(d,p) basis set.
. . . However, more theoretical work to account for the effect of
and NH (SS) G9K, respectively, confirming our previous

assignments, as indicated in Figure 7. The corresponding figuresamharmor"Clty would definitely be needed in this system. It

. - “would also be interesting to compare the ab initio vibrational
for the GO9Ea and G9EDb tautomers, which are clearly intermedi- S . g P L .
- ; . . frequencies, including the effects of anharmonicity, to see if
ate cases, shown in the Supporting Information, are consistent, ) . S
. . T ) the agreement with experiment is improved.
with the corresponding ab initio dipole moments. The combina- . L . .
. ; . We now consider the relative integrated intensities of the
tion of the VTMAs and these dipole curves gives us a . Lo . .
. . ; . various vibrational bands in the spectrum, with the goal of
redundancy in the assignment that is not often available. The

NH, symmetric and N1H stretching regions clearly show that determining the relative populations for the four tautomers of
a conclusive assignment based purely on the vibrational guanine. It is helpful that we have four bands for each tautomer,

frequency ordering cannot be obtained, given that the two bands.glvIng us some redundancy in this determination. This is

are much closer together than the typical accuracy of ab initio |r_npor_tant, g|ver_1.that we have t(.) depend on the_ab 'r!'F'°
calculations. Here, we show that the dipole moment curves ylbratlonal transition moment amplltudes.(see the IR intensities
provide unambiguous assignment of these four vibrational n Tablg 1) to normallzg the bands relative to one another.
modes to two separate tautomers. As a result, we feel that the Considerable theoretical effort has already been devoted to
e ) ‘ - o the study of tautomers of neutral guan#é’-65-%8 |t has been
vibrational assignments presented here are firm. This is impor- .
tant, given that we now have a complete data set that can begenerally known that the G7K_tautomer is most stable. Rec_ently,
used to make detailed comparisons with more sophisticatedngEZ?ri?r?in:ﬁ;rv]v?r:k:(;fhpéﬁgertei;Zagigszfzget:gmervI\/Sh;[IZe
theories, including those which include the effects of anhar- 9 ay 9y,

monicity 166364 |n addition. we can compare our assignments the canonical form (G9K) is the next-lowest local minimum
o ' 5 P 9 using the RI-MP2 method, MP2, and CCSD(T) theory with the
to the previous gas-phase resifts?

aug-cc-pVDZ basis sét. They found the ordering of the relative
IV. Discussion Gibbs free energies for the four tautomers to be G7K9K

1.5

299 [NH,(AS)]

We begin this discussion by considering the discrepancy in (65) Dolgounitcheva, O.; Zakrzewski, V. G.; Ortiz, J. ¥. Am. Chem. Soc.

; : . ; 200Q 122, 12304-12309.
the assignment of the N1H bands with ab initio calculations (66) Colominas, C.. Luque, F. 3 Orozco, M. Am. Chem. Sod996 118

)
)
) 6811-6821.
)

(63) Feynman, R. Fstatistical MechanicsPerseus Books: Reading, MA, 1998. (67) Leszczynski, JJ. Phys. Chem. A998 102, 2357-2362.
(64) Glaesemann, K. R.; Fried, L. B. Chem. Phys2003 118 1596-1603. (68) Haranczyk, M.; Gutowski, MJ. Am. Chem. SoQ005 127, 699-706.
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Table 2. Integrated Experimental Areas and ab Initio Relative (a) (h)
Populations of the Guanine Tautomers IGIK
exptl vibrational band area average of ab initio

OH? NH, NH, N9/7H and relative .
tatomer () (AS) N9TH NIH  (SS)  NH,(SS)  populations’ JG7TK
G9K 095 0.7 0.62 0.83 0.76 0.72 |
G7K 1 I 1 1 1 1 :G9Ea?5
G9Ea 1 0.77 0.34 0.36 0.35 0.44
G9Eb 086 0.65 0.25 0.31 0.28 0.36
3400 3450

aThe free OH bands are normalized to the G9Ea tautohf@alculated
as expAG/KT). MP2/aug-cc-pVDZ basis set was used for the free energy
calculation at 620 K¢ The intensity was compared with that of the N9H
bands of the other tautomers.

< G9Ea< G9Eb,—1.8, 0.0, 0.5, and 1.8 kJ/mol, respectively. ©
Although the calculations were done at 298 K, the ordering is — s wa
consistent with our experimental observation at approximately 3s4o0 3450 3500 3550  3600cm’ 3400 3450 3500 3550 3600 cm’!

620 K. Figure 9. Direct comparisons of the guanine spectra from the three
On the basis of the ab initio infrared intensities and the 9roups: (a) de Vries} (b) Mons;®and (c) this work. The naming of each
experimental intearated intensities for all of the vibrational tautomer of the two different groups followed the present naming scheme.
p ] g ] ) Each vibrational band is classified in different colors. The gray box in (b)

modes, we estimate that the experimental relative abundancess the frequency region (347®8500 cntl) where no spectrum was taken
of the four tautomers are 1:0.8:0.4:0.3 for G7K, G9K, G9Ea, due to the lack of IR laser powét The frequencies of G7E in (b) are not
and GOEDb tautomers, respectively. Table 2 gives a summary ofcompared to those of () due to the absence of the G7E in (C).

the integrated experimental intensities and ab initio intensities
for the four vibrational bands, normalized to the most stable . i . i5 .
G7K tautomer (except for the free OH bands, which were mentloned in the previous papefs: No;e that a_direct
normalized to the GOEa tautomer). For the N7H band of the comparison of the G7E tautomer observed in (b) cannot be made

G7K tautomer, the intensity was compared with N9H bands of because of the absence of G7E in (a) and (c). However, the
frequency patterns of G9Ea from (a) and G7E from (b) are very

the other tautomers. il hich cleafl s that th bel o th
Since the NH (AS) bands for G9Ea and G9Eb are slightly simitar, which clearly suggests that these belong fo he same

overlapped, we averaged only the N9/7H and;NSIS) bands molecular structure but are assigned differently. It is also
to have a rr,lore reliable value for the relative abundances. Theinteresting to note that the observation of the higher energy

experimental relative abundances of the four tautomers in he”umtautomer, G7E (see Figure 1), is qgestlonat_)le, bec‘?‘use the hlgher
nanodroplets are in excellent agreement with those of relative energy tautomer was ol_aserved W'f[h the highest S|gnal-to-no.|se
free energy calculations conducted at the same temperature a atio In th? Mons e>.<per|ment, but it was not observed at all in
used in the capture of a single molecule (ca. 620 K), as shown 'e.de Vnes.experlments, even though the both groups used
in Figure 2. Taking all of the data presented above together, similar t(.echnlques.. . ) .
there is no doubt that the lowest four tautomers, G7K, GOK, The discrepancies in the assignments of specific bands for
GY9Ea, and GOEb, are observed in helium nanodroplets. each tautomgr among three groups are discussed below. First,
The close correspondence between the vibrational frequencie§he frequencies of the NH(AS) stretch for tlhe GIKIGTK
of molecules obtained in helium droplets and those isolated in tautomer are separated.by about 50&7,125_ cnT between the.
the gas-phase molecule is well knoh® 73 and is attributed IR—UV (a and b) and this study (c). Similarly, the freqluenC|es
to the very weak forces between solute and solvent. However, of the N9/7H stretch for the GIK/G7K tautomer, which was
we observe large discrepancies in the vibrational frequencies,no_t obst_erved by Mons due t‘? the lack of the IR_Iaser povl/er n
which result in the different assignments for the guanine S région, are aiso red shifted by about 20 €m0 cnm
tautomers in our helium droplet environment relative to those betwe_en the IRUV ("?1 and b) and this study (c). Even if we
obtained by de Vries and Mons using their+RV double- reassigned the de Vnes_GQK/G?K tautomer spectra, Whgrg the
resonance approaéiS A detailed comparison of the data NH. (AS) bands are assigned to the N9/7H bar?ds,the origin of
reported by the groups of de Vries and Mons and in our work the bands at around 3490 cfncannot be explained. Further-
is shown in Figure 9. The vertical dotted lines are meant as amore. not all the expectec_i_band; were observed inUR
guide to compare the bands observed in the U experiments experiments, and_the specific assignments for G9K, G7K, and
reported by (a) de Vries and (b) Mons to the IR spectrum (c) G9E were determined by the thr_ee (or two) observed bands out
obtained from this study. A close examination shows that most of four expectgd bands. Specifically, thg N$S). band for
of the observed bands in the+RJV experiments do not overlap GO9K and G7K_ in both of the IRUV experiments is missing,
with those in this study. Figure 9 clearly shows the disagreement even though it is observed for the G9Ea tautomer with high

in the assignments of the N9H and NEAS) bands of the GOK intensity in G9Ea (a) and moderate intensity in G7E (b). Further
comparisons related to this issue can be found in the Supporting

and G7K tautomers between the two groups, (a) and (b),

(69) Hartmann, M.; Miller, R. E.; Toennies, J. P.; Vilesov, A.Seiencel996 Information. As shown in Figure 9, it is clear that the
272, 1631-1634. i i i ; ;

(70) Nata, K.; Miller, R. EJ. Chem. Phys2001, 115 10254-10260. discrepancy in the assignment of the |nfrared spectra for guanine

(71) Nauta, K.; Miller, R. EChem. Phys. LetR001, 350, 225-232. occurs not only between the tRJV experiments and this work,

(72) Nauta, K.; Miller, R. EJ. Chem. Phys2001, 115 8384-8392. ; R ;

(73) Toennies, J. P.; Vilesov, A. Angew. Chem., Int. ER004 43, 2622 but even between the two UV experiments, in which the
2648. experimental conditions are very similar. This disagreement is
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perhaps surprising because there has been good agreemertdvantage of the fact that the dipole moments for the four
between the gas-phase experiments and our work for the othettautomers of guanine are all quite different. The firm assignment
NABs, such as adenirté?5>74cytosinel*242575yracil /476 and leads us to determine the relative populations for the four
thymine’476The major difference between the two approaches structures of guanine as 1:0.8:0.4:0.3 for the G7K, G9K, G9Ea,
is the method of sample preparation. While thermal evaporation and G9Eb tautomers, respectively, which are in excellent
methods have been used successfully for other NABs, guanineagreement with those obtained from ab initio relative free energy
was observed to undergo decomposition before sufficient calculations. These provide conclusive evidence that all four
pressure was obtainéti® To generate the needed vapor of the lowest energy tautomers, G7K, G9K, G9Ea, and G9EDb,
pressure, laser desorption methods were used in theJ\R are present in the helium droplets.

experiments. However, as mentioned previously, much lower |n this study, we have observed and identified the G9Eb
vapor pressures are needed in the helium droplet experimentstautomer that was missing in the gas-phase experiments
Based on the definitive assignments presented in this work, discussed abov#:15The difficulty in determining the structure
thermal decomposition is apparently negligible at our oven in several experiments could be due to its almost identical
temperatures. Since we are not performing a double resonanceelative energy difference and the similar vibrational frequencies
(selective excitation), we might also see a spectral signature ofpetween the two N9H enol rotamers, G9Ea and G9Eb. We also
the decomposition products, which are clearly absent. Itis thus have discussed the discrepancies in the assignments of the
possible that the discrepancy between the experiments is theguanine tautomers with the previous studies.

result of decomposition or the presence of species other than Tnhe ap initio frequency calculations, the electric field

the three anQ/or four Ipwest energy guanine tautomers in the dependence experiments (for dipole moments), and the VTMAs
laser desorption experiments. were used throughout this study to confirm the assignments of
V. Conclusions the various rr_10des for _the four tautomers of guanine. However,
) i . more theoretical work is needed to understand the nonplanarity
This work represents the first successful IR spectroscopic ¢ ihe N1H groups of the keto forms (G9K and G7K), where
study of-guanine by thermal evaporatipn, a task made difficu!t the VTMAs of experiment and theory show unusually large
by guanine’s low vapor pressure. Helium nanodroplet experi- jitterences depending on the basis set. Nevertheless, the present

ments have the advantage of requiring much lower vapor qy,qy clearly shows the power of using VTMAs and dipole
pressures (10 Torr or less) than those typically used in free- o ents in assigning vibrational spectra and determining

jet experiments. This is important because the lower tempera- i qjacylar structure, particularly when more than one isomer is
tures reduce the likelihood that guanine will thermally decom- present in the sample.

pose. In fact, no evidence of thermal decomposition of guanine
is observed at the operating temperature of our pickup cell. Acknowledgment. Support for this work from the National
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