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Vibrational spectra are reported in the N-H 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 between
theory and experiment. The theoretical literature on uracil and
thymine monomers is in agreement that the lowest energy
tautomer of each is the diketo form shown in Figure 1, and that
it is well separated from the higher energy tautomers.1-5 The
next lowest energy enol tautomer, U(T)E32, lies approximately
40 kJ/mol above the global minimum on the potential energy
surface. As a result, experiments carried out at the moderate
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
microwave6-8 and infrared laser9 studies of jet cooled uracil
and/or thymine, which show only the diketo form.

In a recent paper,10 we reported infrared laser spectroscopy
of uracil-water (UW) binary complexes formed in helium
nanodroplets. The high-resolution obtained in those spectra
enabled us to identify the four lowest energy isomers predicted
by ab initio calculations. The assignment of the observed spectra
was based on both the vibrational frequencies of the free and
bonded OH and NH stretches of the four UW isomers and their
associated vibrational transition moment angles (VTMAs).
However, the difficulty in assigning the free N1H and N3H
bands of the UW isomers remained due to their small shifts
from the strong monomer bands. In this paper, we report a
complete study of uracil and thymine monomers in which we
focus on their free N1H and N3H stretches (see Figure 1) using
VTMAs to alleviate the previously reported problems.

Nucleic acid bases (NABs) are known to be difficult to inves-
tigate by electronic spectroscopy owing to the rapid nonradiative
deactivation of the S1 state, which makes the associated spectra
broad with low quantum yields for fluorescence.11-19 In the
present study, we use infrared laser spectroscopy to obtain

vibrational spectra of the diketo tautomers of uracil and thymine,
in the N-H stretching region of the spectrum. The molecules
are solvated in helium nanodroplets, which provide the cooling
necessary to obtain high-resolution spectra. Pendular-state
spectroscopy20-23 is used to orient the molecules in a strong
electric field, allowing for the measurement of VTMAs,
explained in detail below.

Experimental Method

The apparatus used in the present study has been described
in detail elsewhere.24 Helium nanodroplets are formed by
expanding helium gas (99.9999%) through a 5µm diameter
orifice. The spectra were recorded using a source pressure of
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-
pVDZ level) of the various tautomers of uracil (U) and thymine (T).
Keto and enol forms are classified by their functional groups, namely
CdO (keto) and O-H (enol), in the pyrimidine base. In addition, the
naming scheme is followed by U or T for uracil or thymine,
respectively, and K or E for keto or enol forms, respectively. Next, the
following numbers identify the nitrogen position (1 or 3) to which the
hydrogen is attached and similarly for the carbon position (2 or 4) to
which the O-H is attached. The values in the brackets give the energies
relative to U(T)K in kJ/mol with a harmonic zero-point energy
correction. Uracil and thymine differ by their substituents, R) H and
CH3, respectively.
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cycle refrigerator. Under these conditions droplets are produced
with a mean size of approximately 3000 helium atoms. Uracil
and thymine are added to the droplets as they pass through an
oven maintained at approximately 160 and 170°C, respectively,
corresponding to vapor pressures between 10-6 and 10-5 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 droplets.25 To remove water from
the solid uracil/thymine samples, they were held in the oven
overnight at 110°C.

The N-H stretching vibrations of uracil/thymine were excited
using a periodically poled lithium niobate-optical parametric
oscillator (PPLN-OPO) (LINOS Photonics). Several external
etalons and a wavemeter were used to calibrate the spectra. A
multipass cell24 was used to reflect the laser across the droplet
beam approximately 20 times to increase the excitation ef-
ficiency.26,27 Two electrodes were positioned on either side of
the laser interaction region so that an 80 kV/cm DC electric
field could be applied. The IR excited molecules undergo rapid
vibrational relaxation to the helium, resulting in the evapor-
ation of several hundred helium atoms. A bolometer detec-
tor28 was used to monitor the resulting depletion of the droplet
beam. The spectra reported here were recorded by amplitude
modulating the laser and using phase sensitive detection
methods.

Previous studies29-33 have shown that the electric dipole mo-
ment of a polar molecule can be oriented in a large DC electric
field. In the present study, we make use of this method to mea-
sure vibrational transition moment angles (VTMAs)10,26,34-37

for both uracil and thymine. VTMAs are defined as the angles
between the permanent dipole moment and the transition
moment vectors for the various vibrational modes of the
molecule. The VTMAs are experimentally determined by
measuring the band intensities for the various vibrational modes,
as a function of the laser polarization direction relative to the
DC electric field. For a vibrational mode with its transition
moment parallel to the permanent dipole moment, parallel
polarization of the laser will result in a significant increase in
the band intensity compared to the zero-field case, and
perpendicular laser polarization will result in a decrease in
intensity. A quantitative description of this effect requires that
the orientation distribution for the permanent dipole moment
be known. This distribution depends upon the magnitude of the
dipole moment, the applied electric field, the rotational constants,
and temperature of the molecule in question. The methods for
calculating these distributions have been discussed in detail
previously by Kong et al.38-41 For the systems discussed herein,
the experimental spectra are broadened to a Lorentzian line
shape. Although this means that the rotational constants cannot
be directly determined from the experimental spectra, it also
means that the overall orientation distribution is less sensitive
to the rotational constants. In this case we use the ab initio
rotational constants, divided by a factor of 3 to account for the
effects of the helium,26,42to determine the orientation distribution
needed to calculate the VTMAs. This approach works rather
well given that the rotational temperature of the droplets, and
hence the rotational temperature of the molecules, are well-
known, namely 0.37 K.43,44 A detailed discussion of how the
experimental VTMAs are extracted from the integrated areas
of the zero-field, parallel, and perpendicular polarization spectra
is given elsewhere.33-37,45

Ab initio Caculations

Although both the uracil and thymine have been the subjects
of numerous previous ab initio calculations, none of these have

reported permanent dipole or transition dipole directions needed
for comparison with the experimental VTMAs. For this reason,
we carried out extensive ab initio calculations for the various
tautomers of uracil and thymine, using Gaussian 03.46 Unless
otherwise specified, the calculations were performed using
second-order Møller-Plesset perturbation theory (MP2) with an
aug-cc-pVDZ basis set. Figure 1 shows the four lowest
tautomers of uracil and thymine, whose relative energies are
listed in kJ/mol for the equilibrium geometries with a harmonic
zero point energy correction.

Figure 2 shows the lowest energy diketo form of uracil and
thymine monomer onto which are superimposed vectors rep-
resenting the directions of the permanent electric dipole mo-
ments (solid arrow) and the vibrational transition moments
(empty double ended arrows).

Results and Discussion

We begin this discussion by considering the spectra, Figure
3, of the uracil (a) and thymine (b) monomer in the region of
the N-H stretching vibrations. In light of the published
experimental6-9 and theoretical1-5 work on this system, we
expect to see only a single tautomer, namely the diketo form.
As shown in Figure 1, the diketo tautomers of uracil/thymine
possess two N-H vibrational modes, referred to hereafter as
N1H and N3H. The upper panel in Figure 3(a),(b) shows an
experimental spectrum of uracil and thymine monomer, respec-
tively, in helium droplets that spans both the N1H and N3H
stretching vibration regions. The other four panels show the ab
initio spectra (all scaled by a factor of 0.958458 and 0.95877
with an aug-cc-pVDZ basis set to give good agreement between
theory and experiment for the free N1H stretches) for the four
lowest energy tautomers of uracil and thymine, respectively.
The fact that the expected free OH stretch mode in the 3550-
3650 cm-1 region of the enol forms is clearly missing in the
survey scans of Figure 3, leads us to believe that only the global
minimum tautomers, UK and TK, are present in the helium
nanodroplets for uracil and thymine.

As shown in the survey scans in Figure 3, the spectra of uracil
and thymine are very similar to each other both experimentally
and theoretically, which means that the spectral difference due
to the methylation to the uracil is not significant. The two main
peaks in both spectra, Figure 3(a),(b), are easily assigned by
comparison with the scaled ab initio calculations to be the N1H
and N3H vibrations of the monomer (UK and TK). A detailed
discussion of these peaks is given below. The weaker bands in
the spectra are assigned to the uracil/thymine dimer or higher
clusters, given that they grow in at higher oven temperatures,
indicating that they require the pick-up of more than one uracil/

Figure 2. The lowest energy tautomer of uracil (UK) and thymine
(TK), showing the corresponding directions of the permanent electric
dipole moments (solid arrow) and the vibrational transition moments
(empty double ended arrows) for the various vibrational modes. The
magnitudes of these moments are given in Table 1.
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thymine molecule. However, the discussion of these bands is
beyond the scope of the present study.

We now proceed to consider the VTMA assignment of the
N1H stretch mode of uracil. Figure 4 shows the three different
laser polarization spectra of uracil in the N1H region corre-
sponding to (a) a pendular spectrum with parallel polarization,
(b) a zero-field spectrum, and (c) a pendular spectrum with
perpendicular polarization (electric field strength being 80 kV/
cm), all plotted on the same absolute intensity scale. The peaks
labeled with * and # are due to uracil dimer and trimer,
respectively, a conclusion based on the oven temperature
dependence of the integrated band areas (see detailed discussion
in Supporting Information). Using the methods discussed
elsewhere,10,26,34-37 we made use of the integrated areas under
the N1H mode in Figure 4 to determine experimental VTMAs
for the monomer, yielding 43°. The result is in excellent
agreement with the result of ab initio calculations (MP2/aug-
cc-pVDZ) for the diketo tautomer, which gave 43° (see Table
1). Although there are no real surprises here as the calculated
frequency of N1H of the diketo form also agrees with the
experimental value, these results do provide another example
in which the experimental and ab initio VTMAs are in

quantitative agreement, as they were in the uracil-water
complexes.10

We now turn our attention to the N3H mode, which appears
at 3444 cm-1. According to the ab initio frequency calculations
shown in Figure 3(a), we expect to observe an N3H mode at
about 50 cm-1 to the red of the N1H band of uracil. Figure 5
shows the electric field dependence of the N3H mode of uracil
discussed above from which the VTMA is determined to be
24°. In this case, the agreement with the ab initio VTMA of
15° is poor. Although this band is very close to being a parallel
band (below 15°) for which the experimental VTMA gives
larger errors (normal experimental error being within( 5°),26,36

this error is outside the experimental uncertainty that we have
come to expect, leading us to consider other explanations for
the differences. Because we are confident in the assignment of
this band, we are forced to consider other mechanisms that might
affect this 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
is that the local environment of N3H, positioning between the
two CdO functional groups, is different from that of N1H,
which may cause an intramolecular interaction, yielding a
geometric distortion. However, the interaction is negligible and
the geometry of uracil is known to be very planar from both
theoretical1-5 and experimental6-8 studies. The planar structure
thus leaves contributions from other bands as the best explana-
tion for the problem in reconciling the experimental and
theoretical VTMAs.

To test these ideas we compare the N3H bands of uracil and
thymine in Figure 6. Fortunately, we were able to observe the
frequency separation of the N3H band from the thymine dimer
bands. The bands in Figure 6(b) marked with an “*” are due to
higher order clusters. As shown in the Supporting Information
and Table 1, the experimental VTMA of both N1H (52°) and
N3H (13°) modes of the methylated uracil, thymine (5-
methyluracil), is in excellent agreement with the result of ab
initio calculations (MP2/aug-cc-pVDZ), which gave 52° and 8°,
respectively. The fact that the experimental VTMA of the N3H
band of thymine is in good agreement with ab initio value, leads
us to believe that the discrepancy in the VTMA of the N3H of
uracil comes from the disturbance of the experimental VTMA

Figure 3. A survey spectrum of (a) uracil and (b) thymine isolated in
helium droplets. The ab initio vibrational spectra for the four lowest
energy tautomers of uracil and thymine are shown in separate panels
below the experimental spectrum. The vertical bars in the bottom panels
summarize the ab initio frequencies and intensities for the N1H, N3H,
and OH stretch modes of the various tautomers. The harmonic ab initio
calculations were all scaled by a factor of 0.958458 and 0.95877 to
obtain the best overall agreement between theory and experiment,
particularly for the free N1H stretch of the UK and TK tautomer,
respectively. The dotted lines are meant as a guide to assign the bands
associated with calculated frequencies of the N1H and N3H bands of
uracil and thymine.

Figure 4. An expanded view of the N1H stretching region of the UK
spectrum. Spectra (a), (b), and (c) correspond to parallel polarization,
zero-field, and perpendicular polarization, respectively. The two bands
marked with an “*” and a “#” are due to the uracil dimer and trimer,
respectively.
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by the overlapping uracil dimer bands. This is somewhat
supported by the fact that the spectra (particularly those shown
in Figure 5(b),(c)) are not symmetrical, which might indicate
that there are overlapping bands in the uracil case. After
correction for the dimer contributions (i.e., excluding the
integrated area of the dimer), the VTMA of the N3H band is
estimated to be 17( 7°, which is close to the ab initio value.
It shows that this band is close to parallel as suggested by the
ab initio value (15°). Thus the problem in reconciling the
experimental and theoretical VTMAs appears to be the hetero-
geneous peak broadening due to the presence of dimer bands
in the vicinity of the monomer band.

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 3400-3700 cm-1 region. When combined
with results from ab initio calculations, we obtain only the global
minimum tautomer (diketo form) of the uracil and thymine. By
orienting the target molecules in the laboratory frame of
reference with a strong DC electric field, we measured the
VTMAs of the uracil and thymine monomers. The calculated
frequencies are very well matched with the observed frequencies,
and the VTMA assignments provide additional and unambigu-
ous assignment for the uracil and thymine molecules. Further-
more, using high-resolution and ultra cold matrix (He nano-
droplet) spectroscopic techniques in the uracil/thymine system,

TABLE 1: A Summary of the Experimental and Calculated Vibrational Frequencies and VTMAs for the Various Isomers of
Uracil and Thymine

tautomer

harm
freq

(cm-1)

scaled
freq

(cm-1)a

exp
freq

(cm-1)

IR
intensity
(km/mol) assignment

ab initio
VTMAs
(degree)

exp
VTMAs
(degree)

dipole
moment
(Debye)

relative
energy

(kJ/mol)b

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 c 4.34 0
3644.5 3494.3 3494.2 112.3 N1H 51 52
3592.6 3444.5 3444.5 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

a 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 0.958458.b The energy was obtained with zero-point energy correction.cThe 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.

Figure 5. An expanded view of the N3H stretching region of the UK
spectrum. Spectra (a), (b), and (c) correspond to parallel polarization,
zero-field, and perpendicular polarization, respectively. The band
marked with an “*” is due to the uracil dimer.

Figure 6. A comparison of the N3H stretching region of the uracil
(a) and thymine (b) spectrum. Spectra (a) and (b) correspond to parallel
polarization of uracil and thymine, respectively. The bands marked with
an “*” are due to the thymine dimers.
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we were able to resolve the ambiguity in the VTMA assignment
of the N3H vibrational band of uracil for the first time.

Indeed, this may help assign the spectra of uracil dimers,
which we are currently analyzing.47 Now that we have well-
characterized spectra of uracil and thymine monomer, the
challenge for the future is the study of the dimers of the given
systems, which would be more biologically important systems.
The formation of hydrogen bonds between pairs of NABs is
fundamental to the structure and dynamics of DNA and RNA
and is the subject of continued intensive study. Although the
Watson-Crick base pairs are justifiably often the center of such
attention, NAB dimers also can provide important information
concerning such hydrogen bonding. For example, N-HsO-C
hydrogen bonds are of fundamental importance and are ame-
nable to study in the simplest of these systems, namely the uracil
and thymine dimers.47 Nevertheless, other isomers on this system
(i.e., T-shaped and stacked, the latter being primarily stabilized
by induction and dispersion forces) are also of importance in
the dimer studies, especially when a free energy contribution
gets larger at elevated temperatures.

Acknowledgment. Support for this work from the National
Science Foundation (CHE-04-46594) is gratefully acknowl-
edged. M.Y.C. would like to thank Professor Tomas Baer for
advice in this paper. M.Y.C. would also like to thank Professor
Andrey Vilesov for a postdoctoral fellowship.

Supporting Information Available: Figure of the oven
temperature dependence of the intensities of the three bands
shown in Figure 4. Figures of the N1H and N3H stretching
region of the thymine (TK) spectrum upon different polarization
scans. This material is available free of charge via the Internet
at http://pubs.acs.org.

References and Notes

(1) Les, A.; Adamowicz, L.J. Phys. Chem.1989, 93, 7078.
(2) Leszczynski, J.J. Phys. Chem.1992, 96, 1649.
(3) Gould, I. R.; Hillier, I. H.J. Chem. Soc., Perkin Trans.1990, 329.
(4) Gould, I. R.; Burton, N. A.; Hall, R. J.; Hillier, I. H.J. Mol.

Struct.: THEOCHEM1995, 331, 147.
(5) Estrin, D. A.; Paglieri, L.; Corongiu, G.J. Phys. Chem.1994, 98,

5653.
(6) Brown, R. D.; Godfrey, P. D.; Mcnaughton, D.; Pierlot, A. P.J.

Am. Chem. Soc.1988, 110, 2329.
(7) Brown, R. D.; Godfrey, P. D.; Mcnaughton, D.; Pierlot, A. P.J.

Chem. Soc., Chem. Commun.1989, 37.
(8) Brown, R. D.; Crofts, J. G.; Godfrey, P. D.; McNaughton, D.;

Pierlot, A. P.J. Mol. Struct.1988, 190, 185.
(9) Viant, M. R.; Fellers, R. S.; McLaughlin, R. P.; Saykally, R. J.J.

Chem. Phys.1995, 103, 9502.
(10) Choi, M. Y.; Miller, R. E.Phys. Chem. Chem. Phys.2005, 7, 3565.
(11) Peon, J.; Zewail, A. H.Chem. Phys. Lett.2001, 348, 255.
(12) Gustavsson, T.; Sharonov, A.; Onidas, D.; Markovitsi, D.Chem.

Phys. Lett.2002, 356, 49.
(13) Gustavsson, T.; Sharonov, A.; Markovitsi, D.Chem. Phys. Lett.

2002, 351, 195.
(14) Sharonov, A.; Gustavsson, T.; Carre, V.; Renault, E.; Markovitsi,

D. Chem. Phys. Lett.2003, 380, 173.
(15) Onidas, D.; Markovitsi, D.; Marguet, S.; Sharonov, A.; Gustavsson,

T. J. Phys. Chem. B2002, 106, 11367.

(16) Gustavsson, T.; Banyasz, A.; Lazzarotto, E.; Markovitsi, D.;
Scalmani, G.; Frisch, M. J.; Barone, V.; Improta, R.J. Am. Chem. Soc.
2006, 128, 607.

(17) Mons, M.; Piuzzi, F.; Dimicoli, I.; Gorb, L.; Leszczynski, J.J. Phys.
Chem. A2006, 110, 10921.

(18) Shukla, M. K.; Leszczynski, J.Chem. Phys. Lett.2006, 429, 261.
(19) Chen, H.; Li, S.J. Phys. Chem. A2006, 110, 12360.
(20) Rost, J. M.; Griffin, J. C.; Friedrich, B.; Herschbach, D. R.Phys.

ReV. Lett. 1992, 68, 1299.
(21) Block, P. A.; Bohac, E. J.; Miller, R. E.Phys. ReV. Lett.1992, 68,

1303.
(22) Friedrich, B.; Herschbach, D. R.Int. ReV. Phys. Chem.1996, 15,

325.
(23) Friedrich, B.; Herschbach, D. R.Nature1991, 353, 412.
(24) Nauta, K.; Miller, R. E.J. Chem. Phys.1999, 111, 3426.
(25) Lewerenz, M.; Schilling, B.; Toennies, J. P.J. Chem. Phys.1995,

102, 8191.
(26) Choi, M. Y.; Douberly, G. E.; Falconer, T. M.; Lewis, W. K.;

Lindsay, C. M.; Merritt, J. M.; Stiles, P. L.; Miller, R. E.Int. ReV. Phys.
Chem.2006, 25, 15.

(27) Toennies, J. P.; Vilesov, A. F.Angew. Chem., Int. Ed..2004, 43,
2622.

(28) Gough, T. E.; Miller, R. E.; Scoles, G.Appl. Phys. Lett.1977, 30,
338.

(29) Nauta, K.; Miller, R. E.Phys. ReV. Lett. 1999, 82, 4480.
(30) Moore, D. T.; Oudejans, L.; Miller, R. E.J. Chem. Phys.1999,

110, 197.
(31) Miller, R. E.Proc. SPIE - Int. Soc. Opt. Eng. 1998, 3271, 151.
(32) Nauta, K.; Miller, R. E.Science1999, 283, 1895.
(33) Nauta, K.; Moore, D. T.; Stiles, P. L.; Miller, R. E.Science2001,

292, 481.
(34) Dong, F.; Miller, R. E.Science2002, 298, 1227.
(35) Choi, M. Y.; Dong, F.; Miller, R. E.Philos. Trans. R. Soc. London,

Ser. A2005, 363, 393.
(36) Choi, M. Y.; Miller, R. E.J. Am. Chem. Soc.2006, 128, 7320.
(37) Choi, M. Y.; Miller, R. E.J. Phys. Chem. A2006, 110, 9344.
(38) Franks, K. J.; Li, H. Z.; Kong, W.J. Chem. Phys.1999, 110, 11779.
(39) Kong, W.; Bulthuis, J.J. Phys. Chem. A2000, 104, 1055.
(40) Kong, W.Int. J. Mod. Phys. B2001, 15, 3471.
(41) Castle, K. J.; Abbott, J.; Peng, X.; Kong, W.J. Chem. Phys.2000,

113, 1415.
(42) Callegari, C.; Lehmann, K. K.; Schmied, R.; Scoles, G.J. Chem.

Phys.2001, 115, 10090.
(43) Hartmann, M.; Miller, R. E.; Toennies, J. P.; Vilesov, A. F.Phys.

ReV. Lett. 1995, 75, 1566.
(44) Brink, D. M.; Stringari, S.Z. Phys. D1990, 15, 257.
(45) Douberly, G. E.; Miller, R. E.J. Phys. Chem. B2003, 107, 4500.
(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, J. J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian 03,
Revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(47) Choi, M. Y.; Miller, R. E. The University of North Carolina at
Chapel Hill, Chapel Hill, NC and Gyeongsang National University, Jinju,
South Korea. Unpublished work, 2007.

IR Spectroscopy of Uracil and Thymine in He Nanodroplets J. Phys. Chem. A, Vol. 111, No. 13, 20072479


