J. Phys. Chem. R007,111,2475-2479 2475

Infrared Laser Spectroscopy of Uracil and Thymine in Helium Nanodroplets: Vibrational
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Vibrational spectra are reported in the-N stretching region for uracil and thymine monomers in helium
nanodroplets. Each monomer shows only a single isomer, the global minimum, in agreement with previous
experimental and theoretical studies. The assignment of the infrared vibrational bands in the spectra is aided
by the measurement of the corresponding vibrational transition moment angles (VTMAS) and ab initio frequency
calculations. The ambiguity in the VTMA assignment of the N3H band for the uracil monomer is explained
by the presence of dimer bands, which are overlapped with the monomer band.

Introduction

Uracil and its methylated molecule, thymine (5-methyluracil),
are the simplest of the naturally occurring nucleic acid bases
(NABs) of RNA and DNA, respectively, and as such represent
benchmark systems for both experimental and theoretical
studies. In the present study, we focus our attention on isolated
molecules, such that direct comparisons can be made betweer
theory and experiment. The theoretical literature on uracil and
thymine monomers is in agreement that the lowest energy 1 U(T)E12 U(TE14
tautomer of each is the diketo form shown in Figure 1, and that o [71.0 (69.3)] [45.3 (48.1)]
it is well separated from the higher energy tautoniepsThe Enol
next lowest energy enol tautomer, U(T)E32, lies approximately o K
40 kJ/mol above the global minimum on the potential energy
surface. As a result, experiments carried out at the moderate 3
temperatures needed to evaporate uracil and thymine are
expected to show only the diketo tautomers, UK and TK,
respectively. This is confirmed by rotationally resolved

. s . : ) )
microwavé * and infrared lasérstudies of jet cooled uraci pVDZ level) of the various tautomers of uracil (U) and thymine (T).

and/or thymine, which show only _the diketo form. Keto and enol forms are classified by their functional groups, namely
In a recent papek) we reported infrared laser Spectroscopy  c=0 (keto) and G-H (enol), in the pyrimidine base. In addition, the
of uracil-water (UW) binary complexes formed in helium naming scheme is followed by U or T for uracil or thymine,
nanodroplets. The high-resolution obtained in those spectrarespectively, and K or E for keto or enol forms, respectively. Next, the
enabled us to identify the four lowest energy isomers predicted following numbers identify the nitrogen position (1 or 3) to which the
by ab initio calculations. The assignment of the observed spectra"ydrogen is attached and similarly for the carbon position (2 or 4) to
was based on both the vibrational frequencies of the free andwhlc_h the O-His attached. The v_alues in the br:?\ckets glve_the energies
; .relative to U(T)K in kJ/mol with a harmonic zero-point energy
bonded OH and NH stretches of the four UW isomers and their correction. Uracil and thymine differ by their substituents=R4 and
associated vibrational transition moment angles (VTMAS). CH;, respectively.
However, the difficulty in assigning the free N1H and N3H
bands of the UW isomers remained due to their small shifts vibrational spectra of the diketo tautomers of uracil and thymine,
from the strong monomer bands. In this paper, we report a in the N—H stretching region of the spectrum. The molecules
complete study of uracil and thymine monomers in which we are solvated in helium nanodroplets, which provide the cooling
focus on their free N1H and N3H stretches (see Figure 1) using necessary to obtain high-resolution spectra. Pendular-state
VTMAs to alleviate the previously reported problems. spectroscopd? 22 is used to orient the molecules in a strong
Nucleic acid bases (NABs) are known to be difficult to inves- electric field, allowing for the measurement of VTMAs,
tigate by electronic spectroscopy owing to the rapid nonradiative explained in detail below.
deactivation of the Sstate, which makes the associated spectra .
broad with low quantum yields for fluorescentdel® In the Experimental Method

present study, we use infrared laser spectroscopy to obtain  The apparatus used in the present study has been described
in detail elsewheré* Helium nanodroplets are formed by
*To whom correspondence should be addressed. E-mail: mychois@ expanding helium gas (99.9999%) through ard diameter
unc.edu; mychoi@gnu.ac.kr. o ’ .
* Present address: Gyeongsang National University. orifice. The spectra were recorded using a source pressure of

* Deceased, November 6, 2005. 55 atm with the nozzle being maintained at 20 K by a closed
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Figure 1. The ab initio structures and relative energies (MP2/aug-cc-
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cycle refrigerator. Under these conditions droplets are produced H
with a mean size of approximately 3000 helium atoms. Uracil
and thymine are added to the droplets as they pass through ar
oven maintained at approximately 160 and 2@Qrespectively,
corresponding to vapor pressures betweerf Bid 10° Torr
(Aldrich, 98% purity). The pick-up process is governed by
Poisson statistics, allowing us to control the average number
of molecules captured by the dropléslo remove water from
the solid uracil/thymine samples, they were held in the oven
overnight at 110°C. UK
The N-H §trqtch|ng VIbratlpn§ of urQCII/thymlne were eXC'teq Figure 2. The lowest energy tautomer of uracil (UK) and thymine
using a periodically poled lithium niobate-optical parametric (), showing the corresponding directions of the permanent electric
oscillator (PPLN-OPO) (LINOS Photonics). Several external dipole moments (solid arrow) and the vibrational transition moments
etalons and a wavemeter were used to calibrate the spectra. Aempty double ended arrows) for the various vibrational modes. The
multipass cef* was used to reflect the laser across the droplet magnitudes of these moments are given in Table 1.
beam approximately 20 times to increase the excitation ef-
ficiency 2627 Two electrodes were positioned on either side of reported permanent dipole or transition dipole directions needed
the laser interaction region so that an 80 kV/cm DC electric for comparison with the experimental VTMAs. For this reason,
field could be applied. The IR excited molecules undergo rapid We carried out extensive ab initio calculations for the various
vibrational relaxation to the helium, resulting in the evapor- tautomers of uracil and thymine, using Gaussiart®03nless
ation of several hundred helium atoms. A bolometer detec- otherwise specified, the calculations were performed using
tor28 was used to monitor the resulting depletion of the droplet second-order Mgller-Plesset perturbation theory (MP2) with an
beam. The spectra reported here were recorded by amplitudedug-cc-pVDZ basis set. Figure 1 shows the four lowest
modulating the laser and using phase sensitive detectiontautomers of uracil and thymine, whose relative energies are
methods. listed in kJ/mol for the equilibrium geometries with a harmonic
Previous studi8-32 have shown that the electric dipole mo- zero point energy correction.
ment of a polar molecule can be oriented in a large DC electric ~ Figure 2 shows the lowest energy diketo form of uracil and
field. In the present study, we make use of this method to mea- thymine monomer onto which are superimposed vectors rep-
sure vibrational transition moment angles (VTMA&).34-37 resenting the directions of the permanent electric dipole mo-
for both uracil and thymine. VTMAs are defined as the angles ments (solid arrow) and the vibrational transition moments
between the permanent dipole moment and the transition (empty double ended arrows).
moment vectors for the various vibrational modes of the
molecule. The VTMAs are experimentally determined by Results and Discussion
measuring the band intensities for the various vibrational modes, o ) o )
as a function of the laser polarization direction relative to the _ We begin this discussion by considering the spectra, Figure
DC electric field. For a vibrational mode with its transition 3, Of the uracil (a) and thymine (b) monomer in the region of
moment parallel to the permanent dipole moment, parallel the N—H stretching vibrations. In light of the published
polarization of the laser will result in a significant increase in experiment&° and thgoret|cér5 work on this system, we
the band intensity compared to the zero-field case, and €XPect to see only a single tautomer, namely the diketo form.
perpendicular laser polarization will result in a decrease in AS shown in Figure 1, the diketo tautomers of uracil/thymine
intensity. A quantitative description of this effect requires that POSsess two NH vibrational modes, referred to hereafter as
the orientation distribution for the permanent dipole moment N1H and N3H. The upper panel in Figure 3(a),(b) shows an
be known. This distribution depends upon the magnitude of the €xperimental spectrum of uracil and thymine monomer, respec-
dipole moment, the applied electric field, the rotational constants, tively, in helium droplets that spans both the N1H and N3H
and temperature of the molecule in question. The methods for Strétching vibration regions. The other four panels show the ab
calculating these distributions have been discussed in detailinitio spectra (all scaled by a factor of 0.958458 and 0.95877
previously by Kong et a18-1 For the systems discussed herein, with an aug-cc-p\(DZ basis set to give good agreement between
the experimental spectra are broadened to a Lorentzian linetheory and experiment for the free N1H stretches) for the four
shape. Although this means that the rotational constants cannofoWwest energy tautomers of uracil and thymine, respectively.
be directly determined from the experimental spectra, it also 1he fact that the expected free OH stretch mode in the 3550
means that the overall orientation distribution is less sensitive 3650 cnT* region of the enol forms is clearly missing in the
to the rotational constants. In this case we use the ab initio SUrvey scans of Figure 3, leads us to believe that only the global
rotational constants, divided by a factor of 3 to account for the Minimum tautomers, UK and TK, are present in the helium
effects of the heliurd®42to determine the orientation distribution ~nanodroplets for uracil and thymine.
needed to calculate the VTMAs. This approach works rather ~As shown in the survey scans in Figure 3, the spectra of uracil
well given that the rotational temperature of the droplets, and and thymine are very similar to each other both experimentally
hence the rotational temperature of the molecules, are well- and theoretically, which means that the spectral difference due
known, namely 0.37 K344 A detailed discussion of how the to the methylation to the uracil is not significant. The two main
experimental VTMAs are extracted from the integrated areas peaks in both spectra, Figure 3(a),(b), are easily assigned by
of the zero-field, parallel, and perpendicular polarization spectra comparison with the scaled ab initio calculations to be the N1H

is given elsewher&—37:45 and N3H vibrations of the monomer (UK and TK). A detailed
o ) discussion of these peaks is given below. The weaker bands in
Ab initio Caculations the spectra are assigned to the uracil/thymine dimer or higher

Although both the uracil and thymine have been the subjects clusters, given that they grow in at higher oven temperatures,
of numerous previous ab initio calculations, none of these have indicating that they require the pick-up of more than one uracil/
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£ 100 ' NIH OH - We now turn our attention to the N3H mode, which appears
- l TE12 at 3444 cml. According to the ab initio frequency calculations
3400 3450 3500 3350 3600 3650 shown in Figure 3(a), we expect to observe an N3H mode at

about 50 cm? to the red of the N1H band of uracil. Figure 5
shows the electric field dependence of the N3H mode of uracil
Figure 3. A survey spectrum of (a) uracil and (b) thymine isolated in discussed above from which the VTMA is determined to be
helium droplets. The ab initio vibrational spectra for the four lowest 24° |n this case, the agreement with the ab initio VTMA of
energy tautomers of uracil and thymine are shown in separate panelslSo is poor. Although this band is very close to being a parallel

below the experimental spectrum. The vertical bars in the bottom panels . - .
summarize the ab initio frequencies and intensities for the N1H, N3H, band (below 1% for which the experimental VTMA gives

and OH stretch modes of the various tautomers. The harmonic ab initio larger errors (normal experimental error being wittirs®),2%-3°
calculations were all scaled by a factor of 0.958458 and 0.95877 to this error is outside the experimental uncertainty that we have
obtain the best overall agreement between theory and experiment,come to expect, leading us to consider other explanations for
particularly for the free N1H stretch of the UK and TK tautomer, the differences. Because we are confident in the assignment of
respectively. The dotted lines are meant as a guide to assign the bandshis hand, we are forced to consider other mechanisms that might
3?:3?':;%dtmmigglcmated frequencies of the N1H and N3H bands of e ot his comparison. One possibility is that there are other
' bands that overlap with the N3H band, which would affect the
corresponding experimental VTMA value. Another possibility
thymine molecule. However, the discussion of these bands isis that the local environment of N3H, positioning between the
beyond the scope of the present study. two C=O functional groups, is different from that of N1H,
We now proceed to consider the VTMA assignment of the which may cause an intramolecular interaction, yielding a
N1H stretch mode of uracil. Figure 4 shows the three different geometric distortion. However, the interaction is negligible and
laser polarization spectra of uracil in the N1H region corre- the geometry of uracil is known to be very planar from both
sponding to (a) a pendular spectrum with parallel polarization, theoretical=> and experimentét® studies. The planar structure
(b) a zero-field spectrum, and (c) a pendular spectrum with thus leaves contributions from other bands as the best explana-
perpendicular polarization (electric field strength being 80 kv/ tion for the problem in reconciling the experimental and
cm), all plotted on the same absolute intensity scale. The peakstheoretical VTMAs.
labeled with * and # are due to uracil dimer and trimer, To test these ideas we compare the N3H bands of uracil and
respectively, a conclusion based on the oven temperaturethymine in Figure 6. Fortunately, we were able to observe the
dependence of the integrated band areas (see detailed discussidrequency separation of the N3H band from the thymine dimer
in Supporting Information). Using the methods discussed bands. The bands in Figure 6(b) marked with an “*” are due to
elsewheré?26:3437 we made use of the integrated areas under higher order clusters. As shown in the Supporting Information
the N1H mode in Figure 4 to determine experimental VTMAs and Table 1, the experimental VTMA of both N1H J2nd
for the monomer, yielding 4#3 The result is in excellent N3H (13) modes of the methylated uracil, thymine (5-
agreement with the result of ab initio calculations (MP2/aug- methyluracil), is in excellent agreement with the result of ab
cc-pVvDZ) for the diketo tautomer, which gave4@ee Table initio calculations (MP2/aug-cc-pVDZ), which gave®xnd 8,
1). Although there are no real surprises here as the calculatedrespectively. The fact that the experimental VTMA of the N3H
frequency of N1H of the diketo form also agrees with the band of thymine is in good agreement with ab initio value, leads
experimental value, these results do provide another exampleus to believe that the discrepancy in the VTMA of the N3H of
in which the experimental and ab initio VTMAs are in uracil comes from the disturbance of the experimental VTMA

1,
wavenumber (cm )
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TABLE 1: A Summary of the Experimental and Calculated Vibrational Frequencies and VTMAs for the Various Isomers of
Uracil and Thymine

harm scaled exp IR ab initio exp dipole relative
freq freq freq intensity VTMAs VTMAs moment energy
tautomer (cm™1) (cm1y (cm™1) (km/maol) assignment (degree) (degree) (Debye) (kJ/moly
UK 4.38 0
3645.4 3493.9 3493.9 116.5 N1H 43 43
3593.1 3443.8 3443.9 72.2 N3H 15 24
UE32 3.02 40.8
3755.0 3599.0 131.9 OH 3
3584.3 3435.4 80.0 N3H 79
UE14 4.84 44.8
3720.3 3565.8 98.1 OH 41
3615.5 3465.3 94.2 N1H 85
UE12 6.46 72.2
3749.1 3593.3 121.0 OH 66
3648.3 3496.8 130.3 N1H 11
TK ¢ 4.34 0
3644.5 3494.3 3494.2 112.3 N1H 51 52
3592.6 3444.5 34445 70.9 N3H 8 13
TE32 2.54 38.9
3758.2 3603.3 132.8 OH 10
3584.0 3436.2 78.1 N3H 74
TE14 5.27 48.1
3716.9 3563.6 97.8 OH 45
3613.9 3464.9 90.3 N1H 90
TE12 6.09 69.3
3750.1 3595.4 123.6 OH 63
3645.5 3495.2 126.4 N1H 14

@ The ab initio calculations were performed at the MP2/aug-cc-pVDZ level and the scaled frequencies were obtained by multiplying the harmonic
frequencies by a factor of 0.9584%8The energy was obtained with zero-point energy correctibime ab initio calculations were performed at the
MP2/aug-cc-pVDZ level and the scaled frequencies were obtained by multiplying the harmonic frequencies by a factor of 0.95877.

' " N3H' ' ] ; N3H

1 ' -

(a) & 80 kV/em

Ty L80kViem ——
y T y T 3438 3440 3442 3444 3446 3448 3450
3435 3440 3445 3450 wavenaiiber (cm’l)

-1
wavenumber (cm ) Figure 6. A comparison of the N3H stretching region of the uracil
Figure 5. An expanded view of the N3H stretching region of the UK (&) and thymine (b) spectrum. Spectra (a) and (b) correspond to parallel
spectrum. Spectra (a), (b), and (c) correspond to parallel polarization, polarization of uracil and thymine, respectively. The bands marked with
zero-field, and perpendicular polarization, respectively. The band an “*” are due to the thymine dimers.
marked with an “*” is due to the uracil dimer.

Conclusions and Future Work

In this paper, we have presented the high-resolution infrared
laser spectra of uracil and thymine monomers isolated in helium
nanodroplets in the 3468700 cnt! region. When combined

by the overlapping uracil dimer bands. This is somewhat
supported by the fact that the spectra (particularly those shown

lﬂai'%z;efes(;)gé(cg)\/:;ea;g:lgsy?arrlgglciﬁl't\rllv: 'Ef:afgllgzglsr;mﬁ;r Wi.th. results from ab ini_tio calculations, we ob?ain only thg global
. . oo _ e minimum tautomer (diketo form) of the uracil and thymine. By
correction for the dimer contributions (i.e., excluding the ,joniing the target molecules in the laboratory frame of
integrated area of the dimer), the VTMA of the N3H band IS eference with a strong DC electric field, we measured the
estimated to be 1# 7°, which is close to the ab initio value.  \TmAs of the uracil and thymine monomers. The calculated
It shows that this band is close to parallel as suggested by thefrequencies are very well matched with the observed frequencies,
ab initio value (18). Thus the problem in reconciling the  and the VTMA assignments provide additional and unambigu-
experimental and theoretical VTMAs appears to be the hetero- ous assignment for the uracil and thymine molecules. Further-
geneous peak broadening due to the presence of dimer bandsnore, using high-resolution and ultra cold matrix (He nano-
in the vicinity of the monomer band. droplet) spectroscopic techniques in the uracil/thymine system,
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we were able to resolve the ambiguity in the VTMA assignment _ (16) Gustavsson, T.; Banyasz, A.; Lazzarotto, E.; Markovitsi, D.;
of the N3H vibrational band of uracil for the first time. ?88gmf‘2”g gd’? Frisch, M. J.; Barone, V.. Improta, R.Am. Chem. Soc.
Ihdeed’ this may help 353'9," the spectra of uracil dimers, (17) Mons, M.; Piuzzi, F.; Dimicoli, |.; Gorb, L.; Leszczynski,J.Phys.

which we are currently analyzirfg.Now that we have well- Chem. A2006 110, 10921.

characterized spectra of uracil and thymine monomer, the (18) Shukla, M. K.; Leszczynski, £hem. Phys. LetR00§ 429, 261.
challenge for the future is the study of the dimers of the given ~ (19) Chen, H.; Li, SJ. Phys. Chem. 2006 110 12360.
systems, which would be more biologically important systems. ReszoL)ettR?.géé].G'\B/l.’l(Zaégﬂn‘ J. C.; Friedrich, B.; Herschbach, D.Mys.
The formation of hydrogen bonds betwe_en pairs of NABs is (21) Block, P. A.: Bohac, E. J.; Miller, R. Bhys. Re. Lett. 1992 68,
fundamental to the structure and dynamics of DNA and RNA 1303.

and is the subject of continued intensive study. Although the  (22) Friedrich, B.; Herschbach, D. Rit. Rev. Phys. Chem1996 15,
Watson-Crick base pairs are justifiably often the center of such 325é3 Friedrich. B.- Herschbach. b. Riature 1991 353 412
attention, NAB dimers also can provide important information ~ (23) Friedrich, B.; Herschbach, D. Riature 1991, 353 412.

. h hvd bondi le (24) Nauta, K.; Miller, R. EJ. Chem. Phys1999 111, 3426.
concerning such nydrogen bonaing. F_Or exampleN-O—-C (25) Lewerenz, M.; Schilling, B.; Toennies, J. R.Chem. Physl995
hydrogen bonds are of fundamental importance and are ame-102, 8191.
nable to study in the simplest of these systems, namely the uracil (26) Choi, M. Y.; Douberly, G. E.; Falconer, T. M.; Lewis, W. K;
and thymine dimer&’ Nevertheless, other isomers on this system E'ﬂg;a%bga '\2"5'; 2"5‘?”'“' J. M.; Stiles, P. L.; Miller, R. Hnt. Rev. Phys.
(|.e:, T-sh_aped and_stackt_ad, the latter being pnmanly stablllzgd (27) Toennies, J. P.: Vilesov, A. Angew. Chem., Int. Ed2004 43,
by induction and dispersion forces) are also of importance in 2622.
the dimer studies, especially when a free energy contribution  (28) Gough, T. E.; Miller, R. E.; Scoles, @ppl. Phys. Lett1977, 30,

338.

gets larger at elevated temperatures. )
(29) Nauta, K.; Miller, R. EPhys. Re. Lett. 1999 82, 4480.
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