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Due to the ultrafast nonradiative decay of the uracil (U), thymine (T), and 5-fluorouracil (5-FU) nucleobases,
resolved vibronic spectra of nucleobase dimers with U, T, or 5-FU chromophores have not yet been observed
in the gas phase. 2-Pyridone (2PY) is a fluorescent hydrogen-bonding analogue of U with a single N-H
donor and CdO acceptor group. We report the mass-selected S1 r S0 vibronic spectra of 2PY‚U, 2PY‚T,
and 2PY‚5-FU, revealing properties of their H-bonds free of stacking interactions and backbone constraints.
The in-plane H-bond vibrations,ω′, ø′, σ′, are observed for all three dimers; the out-of-plane vibrationsâ′,
τ′ and the overtone of the stagger mode 2δ′ are measured for 2PY‚T and 2PY‚U. The experimental frequencies
are in good agreement with the ab initio calculated frequencies of the most stable H-bonded isomer, which
involves the N1-H and C2dO groups of U, T, or 5-FU as H donor/acceptor. The H-bond dissociation energies
follow the sequence T≈ U < 5-FU. However, the experimental S1 state H-bond stretching force constants
increase in the sequence U< T < 5-FU. The absence of fluorescence from these dimers implies that the S1

lifetimes of 2PY in these complexes are>20 times shorter than those in the other 2PY‚X complexes measured
so far. Energy transfer from 2PY to U (T, 5-FU) is suggested as the cause, which implies that the nπ* S1

states of U, T, and 5-FU, which have never been directly observed, lie below the S1 ππ* state of 2PY.

1. Introduction

The low-frequency dynamics and collective vibrational modes
of DNA have been extensively studied because of their relevance
for biological processes, using techniques such as neutron
scattering, NMR, and Raman spectroscopy.1-3 However, the
hydrogen-bond vibrational frequencies between the base pairs
are strongly influenced by steric and energetic constraints
imposed by the DNA backbone and by interactions with nearby
solvent molecules and ions. The transitions are often masked
by collective modes of the DNA backbone, and assignments
are often difficult.4,5 To probe and understand the hydrogen bond
and other pair interactions of the nucleobases, it is necessary to
remove them from their biological environment and study them
in the gas phase.6-16 The biological relevance of doubly
hydrogen-bonded U‚U “wobble” dimers is well established from
crystal structures of RNA oligomers,17-20 ribozymes,21 and
ribosomal RNA subunits.22 5-Fluorouracil (5-FU), which has
nearly the same size and shape as uracil, irreversibly inhibits
the transition state of thymidylate synthase, which catalyzes the
methylation of deoxyuridylate (dUMP) to deoxythymidylate
(dTMP).23 Due to its powerful and specific “suicide substrate”
mechanism,24 5-FU is in wide clinical use as a chemotherapeutic
antitumor agent.

The spectra of uracil (U) and thymine (T, 5-methyluracil) in
supersonic jets are broad, with onsets at 36 600 cm-1 for U
and 36 300 cm-1 for T.25 Due to their ultrarapid nonradiative
decay,26,27resolved vibronic spectra of nucleobase dimers with
U, T, or 5-FU as chromophores have not been observed so far
in the gas phase. To circumvent these photophysical limitations,
we employ a nucleobase analogue that exhibits narrow-band
absorption and emission spectra in supersonic jets: the 2-py-

ridone (2PY) molecule, shown in Figure 1, is analogous to U,
T, and 5-FU, exhibiting the same N-H donor and CdO
acceptor groups. The 2-pyridone dimer, (2PY)2, has antiparallel
N-H‚‚‚OdC hydrogen bonds with a H-bonding topology
analogous to that of the uracil wobble dimer U‚U.17,18 Its
symmetric doubly hydrogen-bonded structure,28,29intermolecular
vibrations,30 and ultrafast excited-state energy transfer31 have
been studied. The perfect fit of the two H-bonding contacts in
(2PY)2 leads to a very high double H-bond energy of∼20 kcal/
mol and a high propensity for gas-phase dimerization.32

Isolated guanine‚cytosine (G‚C), G‚G, and adenine‚thymine
(A‚T) dimers have been investigated in supersonic jets using
resonant two-photon ionization, IR-UV, and UV-UV hole-
burning methods.8,11,14For G‚C, the analysis of the N-H and
O-H stretching vibrations shows that the observed dimer is in
the Watson-Crick configuration, but with cytosine in its enol
form. For A‚T, the Watson-Crick base pair is not the most
stable isomer, and its calculated vibrational spectrum is not in
agreement with the observed spectrum.14

Here, we investigate the mixed dimers 2PY‚U, 2PY‚T, and
2PY‚5-FU, in which 2PY acts as the UV chromophore, avoiding
the photophysical drawbacks of U, T, and 5-FU noted above.
While gas-phase U‚U and T‚T can exist in eight H-bonded
forms, as shown by theoretical investigations,33 2-pyridone forms
only two H-bonds, which restricts the number of isomers to
only three. The comparison of the spectra of 2PY‚U, 2PY‚T,
and 2PY‚5-FU allows one to determine the effects of methyl-
ation and fluorination on the ground- and excited-state binding
energies, vibrational frequencies, and intermolecular forces.

2. Theoretical Methods and Results

2.1. Isomers, Structures, and Binding Energies.As shown
in a number of theoretical studies, U can exist in 13 different* Corresponding author. E-mail: leutwyler@iac.unibe.ch.
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tautomeric and rotameric forms.34-40 With all ab initio theoreti-
cal methods, the energy gap between the most stable 2,4-diketo
tautomer of U and the next higher keto-enol tautomer is
calculated to be 10-12 kcal/mol. Only the 2,4-diketo tautomer
has been identified experimentally in solution and in the gas
phase, and we consider only this tautomer.

We performed calculations for the S0 and S1 states. The
ground-state structures, binding energiesDe, dissociation ener-
giesD0, and harmonic vibrational frequencies were calculated
using the B3LYP and PW91 density functionals and the
6-311++G(d,p) basis set. All structure optimizations were
unrestricted and converged to planar (Cs symmetric) geometries.
TheDe andD0 values are compiled in Table 1, which also gives
the basis set superposition errors (BSSE).41-43 For the analogous
dimer (2PY)2, we have shown that the PW91/6-311++G(d,p)
method yields structural and binding energy properties which
are in excellent agreement with those obtained by MP2 complete

basis set extrapolations.32 The most stable isomers involve two
antiparallel N-H‚‚‚OdC hydrogen bonds. Several other co-
planar isomers with C-H‚‚‚OdC hydrogen bonds were also
optimized and are found to be 5-10 kcal/mol less stable.44 The
“stacked” complexes are expected to be 8-10 kcal/mol less
stable, judging by the recent high-level calculations by Leininger
et al. on stacked U‚U dimers.45

The three N-H‚‚‚OdC H-bonded isomers of 2PY‚U are
shown in Figure 1. Isomer U1 is H-bonded via the N1-H and
C2dO groups, also called the “sugar edge”.46 With De ) -20.7
kcal/mol, it is by far the most stable isomer. Maintaining the
C2dO acceptor group of uracil and exchanging the N1-H by
N3-H reducesDe by 5.4 kcal/mol or 25%, resulting in the least
stable isomer U3, cf. Figure 1. Exchanging the C2dO acceptor
by C4dO and keeping the N3-H donor yields the isomer U2
which is 1 kcal/mol more stable than U3. The U2 and U3
isomers are Watson-Crick-type dimers, and both have been
observed in rRNA,22 RNA oligomers,20 and ribozyme21 crystal
structures.

For 2PY‚T, the three analogous isomers are denoted T1-
T3. They exhibit the same energetic ordering as the 2PY‚U
isomers, as shown in Table 1. Depending on the isomer, the
methylation slightly decreases or increases the binding energy
De, but only by about 1%: isomer T1 is 0.2 kcal/mol less stable
than U1 and T2 by 0.3 kcal less than U2. However, the isomer
T3 is 0.2 kcal/mol more stable than U3. The analogous F1-F3
isomers of 2PY‚5-FU follow the same sequence of H-bond
binding energy. Fluorination at the 5-position increases theDe

by about 2-5%, depending on the isomer.

The finding that the three most stable structures involve the
N1-H donor site of uracil are in agreement with previous
B3LYP density functional calculations of the gas-phase depro-
tonation energies of uracil, thymine, and 5-fluorouracil: for all
three species, the N1-H site is 10-14 kcal/mol more acidic
than the N3-H.47-50 Furthermore, the measured gas-phase
acidity of uracil ∆Hacid° ) 333 ( 4 kcal/mol is in excellent
agreement with the B3LYP/6-311++G(d,p) calculated value
of 332 kcal/mol. Hydrogen-bond strengths are known to scale
with the gas-phase acidity of the H donor. Note, however, that
in solution the N3-H group is more acidic.49,50

The S1 excited-state structures were fully optimized with the
CIS method and the 6-31G(d,p) basis set. All three isomers of
2PY‚U, 2PY‚T, and 2PY‚5-FU are slightly pyramidal at the
N-H group of the 2-pyridone moiety.30,31 This has also been
observed experimentally for the 2-pyridone monomer.51 The
energy barriers to planarity are very small, in the range 0.025-
0.051 kcal/mol; see also the last line in Table 1. These barriers
are 2-4 times smaller than the calculated S1 state vibrational
zero-point energy of the 2PY out-of-plane pyramidalization
vibration; see below. We expect the S1 stateV ) 0 vibrational
wave function to extend symmetrically over both pyramidal
forms, leading to a quasi-planar structure.

TABLE 1: 2-Pyridone ‚Uracil, 2-Pyridone‚Thymine, and 2-Pyridone‚5-Fluorouracil Calculated PW91/6-311++G(d,p)
Ground-State Binding EnergiesDe, Dissociation EnergiesD0, Basis Set Superposition Errors BSSE, Excited-State Dissociation
EnergiesD0(S1), and Barriers to Pyramidalization in the S1 State (in kcal/mol)

isomer U1 U2 U3 T1 T2 T3 F1 F2 F3

De -20.7 -16.7 -15.3 -20.5 -16.4 -15.5 -21.2 -17.0 -16.1
D0 -19.8 -15.8 -14.6 -19.6 -15.7 -14.8 -20.3 -16.4 -15.4
BSSE 0.9 0.9 0.9 0.9 0.9 0.9 0.8 1.0 1.0

D0(S1)a -16.7 -16.6 -17.0
barrier 0.040 0.025 0.040 0.034 0.031 0.026 0.050 0.047 0.051

a From D0(S0) and the experimental blue-shift of the 00
0 transition.

Figure 1. Minimum energy structures of three isomers of 2-pyridone‚
uracil (2PY‚U) calculated at the PW91/6-311++G(d,p) level. Binding
energiesDe are in kcal/mol.
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2.2. Inter- and Intramolecular Vibrations. The six inter-
molecular harmonic frequencies of 2PY‚U, 2PY‚T, and 2PY‚
5-FU calculated at the CIS/6-31G(d,p) levels are given in Table
2. The B3LYP/6-311++G(d,p) and PW91/6-311++G(d,p)
ground-state vibrations are available as Supporting Information.
The three out-of-plane (oop) intermolecular vibrations lie in the
range 20-80 cm-1.

For all isomers of 2PY‚U, 2PY‚T, and 2PY‚5-FU, the lowest-
frequency vibration is the “buckle” modeâ at 18-19 cm-1. It
is followed by the “propeller twist” modeθ around the in-plane
long axis of the dimer. The “stagger” modeδ is a slanting
motion, typically at∼60 cm-1; see Figure 2. The in-plane

vibrational modes are shown in perspective views in Figure 3.
The “opening” (ω) mode derives from conrotatory or cogwheel-
like in-plane motions. The corresponding disrotatory motion is
the “shear” vibrationø. The highest-frequency intermolecular
vibration is always the H-bond stretching modeσ.

The lower-lying CIS/6-31G(d,p) S1 state intramolecular
frequencies are also given in Table 2. The lowest-frequency
vibration on the 2PY moiety, referred to above as the pyrami-
dalization vibration, lies at 80-90 cm-1, which lies between

the intermolecularø′ andσ′ vibrations for U1 and a few cm-1

lower for T1, between theω′ andø′ vibrations.

3. Experimental Section

The dimers were synthesized and cooled in 20 Hz pulsed
supersonic expansions through a thin-walled 0.6 mm diameter
nozzle, using Ne carrier gas at a backing pressure of 2 bar.
2-Pyridone (Aldrich) was placed in a stainless steel container
at 95°C, through which the Ne was flowed to the nozzle via a
connection tube held at 105°C. Uracil, thymine, or 5-fluorou-
racil (Fluka, 99%) was placed inside the pulsed nozzle, where
mixing occurs with the neon/2PY gas stream. The nozzle
temperature was 215°C for experiments on 2PY‚U, 185°C for
2PY‚T, and 220°C for 2PY‚5-FU.

TABLE 2: S1 State Inter- and Intramolecular Vibrational Frequencies and Intermolecular Zero-Point Energies (in cm-1) of
2-Pyridone‚Uracil, 2-Pyridone‚Thymine, and 2-Pyridone‚5-Fluorouracil Isomers, Calculated at the CIS/6-31G(d,p) Level

isomer U1 U2 U3 T1 T2 T3 F1 F2 F3

Intermolecular Vibrations:
ν1 buckleâ 19.1 19.1 18.5 17.4 18.8 16.6 17.7 19.2 16.9
ν2 propeller twistθ 43.9 36.6 36.2 41.6 32.9 35.6 41.5 33.5 36.2
ν3 staggerδ 61.3 63.7 63.5 59.4 62.0 57.6 60.8 69.8 59.4
ν4 openingω 77.8 70.9 80.8 69.9 62.0 64.5 70.5 63.1 66.5
ν5 shearø 82.0 85.3 71.1 87.9 84.4 84.8 81.4 80.6 80.3
ν6 stretchσ 128.5 124.6 121.3 126.4 112.3 120.2 128.9 112.7 121.7
ZPEinter 206.3 200.0 195.7 201.3 189.0 189.6 200.4 189.5 190.5

Intramolecular Vibrations:
ν1(2PY) 2PY butterfly def. 90.0 80.0 85.8 79.7 79.6 78.5 90.0 87.6 88.5
ν1(T) CH3 wagging 128.3 118.4 124.2
ν2(T) CH3 torsionτ 165.4 169.9 170.3
ν4(2PY) 2PY/X ip. ring def. 500.5 499.0 497.7 495.1 498.2 497.7 492.7 495.7 496.4
ν5(2PY) 2PY/X ip. ring def. 566.6 568.4 568.5 507.4 501.7 501.5 506.4 498.9 499.7
ν6(2PY) 2PY/X ip. ring def. 574.8 574.5 573.0 574.4 573.9 573.4 573.4 572.4 572.1

Figure 2. CIS/6-31G(d,p) normal modes for the buckleâ′, propeller
twist θ′, and staggerδ′ vibrations of the U1 isomer of 2-pyridone‚
uracil.

Figure 3. CIS/6-31G(d,p) normal modes for the openingω′, shearø′,
and stretchσ′ intermolecular vibrations of the U1 isomer of 2-pyridone‚
uracil.
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Mass-selected two-color resonant two-photon ionization (2C-
R2PI) spectra were measured by crossing the skimmed super-
sonic jet with the unfocused UV excitation and ionization lasers,
which were brought to spatial and temporal ((0.5 ns) overlap
within the source of a linear time-of-flight mass spectrometer.
For the S1 r S0 excitation, we employed pulse energies of 0.2-
1.0 mJ from a frequency-doubled dye laser pumped by the
second harmonic of a Nd:YAG laser. For ionization, the fourth
harmonic (266 nm) of the same Nd:YAG laser was used at
energies of 1-2 mJ/pulse. To increase the ionization yield, the
266 nm ionization beam was back-reflected through the source
of the mass spectrometer. The cluster ions were detected on
the expected masses (m/e215, 230, and 234, respectively) using
double multichannel plates. The time-of-flight mass spectra were
digitized in a 1 GS/s transient digitizer (LeCroy LT374),
averaged over 64 or 128 laser shots, and transferred to a PC.

For the UV-UV hole-burning experiments, a 1 mJ UVlaser
pulse depleted the S0 vibrational ground state, and the residual
ground-state population was probed 300 ns later by the R2PI
technique on the S1 r S0 electronic origin. Typical depletions
were 20-25%. Depletion spectra were recorded either by
scanning the UV hole-burning laser or by successive R2PI scans
with and without the hole-burning laser. For all three dimers,
the UV hole-burning spectra reproduce the 2C-R2PI spectra to
∼1100 cm-1, implying that each spectrum is due to only one
species.

4. Results

The S1 r S0 spectra of all three dimers were investigated
over the range 30 400-32 000 cm-1. The lowest-frequency
bands at 30 911.6 cm-1 for 2PY‚U, 30 874.5 cm-1 for 2PY‚T,

and 30 978.1 cm-1 for 2PY‚5-FU are the strongest bands in
the spectrum and are assigned as the S1 r S0 origins. They are
localized in the 2-pyridone moiety and lie∼1000 cm-1 to the
blue of the so-called “A” S1 r S0 origin of 2PY at 29 831.2
cm-1.29,51,52

In the gas phase, 2-pyridone also exists in the enol or
2-hydroxypyridine (2HP) form. The gas-phase enol:keto tau-
tomer ratio is 2HP:2PY) 3:1,53 and the dimers of 2HP with
U, T, or 5-FU must also exist in the supersonic beam. However,
the S1 r S0 electronic absorption of 2HP lies at∼35 000 cm-1,
4000 cm-1 further to the blue. Thus, we completely discriminate
against the dimers with 2HP on spectroscopic grounds.

The orientation of the S1 T S0 electronic transition dipole
moment of 2-pyridone in the analogous (2PY)2 and 2PY‚2HP
complexes measured by Pratt and co-workers lies within the
plane and roughly perpendicular to the long in-plane axis of
the dimer.29,54On the basis of the calculated planarity of the S0

state and near-planarity in the S1 state and because the S1 T S0

electronic transition of 2PY is in-plane, we expect the totally
symmetric a′ in-plane vibrations to dominate the vibronic band
structure for all three complexes.

4.1. 2-Pyridone‚Uracil. An overview 2C-R2PI spectrum of
2PY‚U is shown in Figure 4a; Figure 5a shows details of the
range 0-400 cm-1. The weak band observed at 45.0 cm-1 is
assigned to the out-of-plane propeller twist vibrationθ′,
calculated at 43.9 cm-1; see Figure 2. The band at 82.2 cm-1

is assigned as the in-plane “opening” fundamentalω′, based
on its intensity and the CIS calculated frequencyω′ ) 77.8
cm-1. Consequently, the 86.2 cm-1 shoulder on the high-
frequency side of the 82.2 cm-1 band is assigned to the shear
modeø′, in accord with the CIS frequencyø′ ) 82.0 cm-1; see

Figure 4. Two-color R2PI spectra of (a) 2-pyridone‚uracil and (b)
2-pyridone‚thymine. The wavenumber scales are relative to the
respective electronic origins at 30 911.6 and 30 874.5 cm-1.

Figure 5. Low-frequency region of the 2C-R2PI spectra of (a)
2-pyridone‚uracil and (b) 2-pyridone‚thymine. The wavenumber scales
are relative to the respective electronic origins.
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Figure 3. The intense vibronic band at 141.7 cm-1 is assigned
to the hydrogen-bond stretching vibrationσ′, for which the CIS
calculated frequency isσ′ ) 128.5 cm-1. The calculatedω′ and
ø′ frequencies are about 5%, theσ′ frequency 9% lower than
was observed.

Overtone excitations of the opening vibration can be identified
up to 4ω′ at 323.9 cm-1, and those of theσ′ stretch can be
identified up to 3σ′ at 417.0 cm-1. Many weak to medium weak
bands can be assigned as combinations ofω′, ø′, andσ′; see
Table 3.

The weak band at 129.3 cm-1 is too high for an out-of-plane
fundamental, while all three in-plane fundamentals are already
assigned. We tentatively attribute it to the 2δ′ overtone of the
“stagger” vibration, which implies a fundamental frequency of
δ′ ≈ 64.7 cm-1. The CIS calculated frequency forδ′ is 61.3
cm-1, 5% lower than was observed, similar to those observed
for the ω′ andø′ fundamentals; see above. The weak band at
110.4 cm-1 is assigned as the combination bandθ′ + δ′, which
is consistent with the previous assignments ofθ′ and 2δ′, from
which one predicts 109.7 cm-1 for this excitation.

A medium strong band is observed at 178.2 cm-1. Built on
this excitation, one finds a number of combination bands with
ω′, ø′, and σ′, listed in Table 3. The shear overtone 2ø′ is
expected at 172 cm-1, but the frequency and the intensity of
the observed band are too high for an assignment as 2ø′. An
out-of-plane ring deformation centered on U is calculated to
lie at 181.7 cm-1, but the electronic transition is centered on

2PY, which renders this assignment improbable. We tentatively
assign this band in terms of the “B” origin29,51,52in bare 2PY:
this origin lies 95 cm-1 above the A origin and has been
interpreted as a conformer origin with pseudoaxial orientation
of the N-H bond.51 One may speculate that this origin is shifted
from 95 to 178 cm-1 by complexation to uracil. Further supports
for this argument are: (i) that this band has a broader rotational
contour (3.5 cm-1 fwhm) than the other low-lying bands, which
have widths of 2.1-2.5 cm-1 fwhm. This may reflect a different
orientation of the transition dipole moment within the dimer,
as would be expected for a pseudoaxial N-H‚‚‚OdC coordina-
tion, which results in a bent dimer. (ii) A medium strong
excitation which is difficult to assign is also observed in 2PY‚
T and 2PY‚5-FU, see below, and in the (2-pyridone)2 dimer
and its isotopomers at∼191 cm-1. An alternative interpretation
of this band is as the first overtone of the 2PY out-of-plane
intramolecular pyramidalization deformation mode, 2ν1′(2PY),
with a CIS frequency of 90.0 cm-1. It is unclear what the effect
of barrier to planarity along the pyramidalization coordinate is
on the overtone frequency, but 178 cm-1 is not unreasonable.

Summarizing, we note that nearly all of the excitations in
the range up to 530 cm-1 correspond to the intermolecular in-
plane vibrational fundamentals and their overtones and com-
binations. As expected from the calculations that yielded planar
structures for the S0 and quasi-planar structures for the S1 state,
the out-of-plane excitations are much weaker than the in-plane
vibrations.

At 533.8, 782.4, and 924.0 cm-1, intense intramolecular
vibrations are observed. These are in-plane ring deformation
vibrations of 2PY and are assigned in Table 3. All other bands
in the region up to 1000 cm-1 are combination bands involving
the intermolecular fundamentals discussed above.

4.2. 2-Pyridone‚Thymine. The overview and detailed 2C-
R2PI spectra of 2PY‚T are shown in Figures 4b and 5b. The
00

0 transition is at 30 874.5 cm-1, 37.1 cm-1 lower than the
electronic origin of 2PY‚U. Two very weak bands at 17.6 and
40.9 cm-1 can be observed, which are assigned as the out-of-
plane butterfly â′ and propeller twistθ′ fundamentals, in
excellent agreement with the CIS frequenciesâ′ ) 17.4 cm-1

and θ′ ) 41.6 cm-1. Nontotally symmetric out-of-plane
fundamentals are weakly allowed in vibronic spectra of mo-
lecular dimers or complexes due to their large-amplitude
character.55 With this amendment, the weakness of these out-
of-plane excitations (e2% of the electronic origin) is consistent
with vibronic selection rules for aCs symmetric system and
implies that 2PY‚T is either planar or quasiplanar in the S1 state.

We assign the first strong excitation at 72.6 cm-1 to theω′
opening vibration. In contrast to 2PY‚U, theø′ shearing mode
at 89.0 cm-1 is now clearly separated from theω′ excitation.
The CIS frequencies areω′ ) 69.9 cm-1 andø′ ) 87.9 cm-1,
both slightly lower than observed. The strong band at 140.1
cm-1 is assigned to theσ′ fundamental, analogous to 2PY‚U.
As for 2PY‚U, overtone progressions are observed forω′ and
σ′. Many further combination and overtone bands are listed in
Table 3.

The weak band at 126.8 cm-1 is assigned to the overtone of
the stagger vibration, 2δ′, in analogy to 2PY‚U. The resulting
fundamental frequencyδ′ ≈ 63.4 cm-1 is in acceptable
agreement with the CISδ′ ) 59.4 cm-1. The weak band at
107.7 cm-1 is very similar in frequency and intensity to the
weak 110.4 cm-1 band of 2PY‚U. This precludes an assignment
as a methyl rotor excitation for 2PY‚T. From the above
assignments, one would expect theθ′ + δ′ combination band
at 104.3 cm-1, in much less good agreement than the 2PY‚U

TABLE 3: Experimental S1 State Vibrational Frequencies of
2-Pyridone‚Uracil, 2-Pyridone‚Thymine, and
2-Pyridone‚5-Fluorouracil (in cm-1)

2-pyridone‚uracil 2-pyridone‚thymine
2-pyridone‚

5-fluorouracil

00
0 (S1 r S0) 30 911.6 30 874.5 30 978.1

â′ 17.6
θ′ 45.0 40.9
ω′ 82.2 72.6 73.5

2θ′ 83.3
ø′ 86.2 89.0 88.0
ν1′(2PY) orθ′ + δ′ 110.4 ν1′(2PY) 107.7
2δ′ 129.3 126.8
σ′ 141.7 140.1 142.0

2ω′ 145.5 147.6
ω′ + 2θ′ 157.5 156.5 156.4
2ω′ 164.4
B 178.2 B/2ø′ 178.4 B 177.0
ω′ + σ′ 222.4 210.8 213.7

3ω′ 218.3 221.1
ø′ + σ′ 227.9 228.1 229.2
3ω′ 245.0
B + ω′ 258.5 250.8 249.7
B + ø′ 261.0 265.5
2σ′ 281.0 278.3 281.7
2ω′ + σ′ 303.7 283.2 286.3
B + σ′ 316.6
4ω′ 323.9 291.4 294.3
B + σ′ 315.8 315.8
B + ω′ 324.0
ω′ + 2σ′ 360.3 347.3 359.1
ø′ + 2σ′ 367.0 364.4 367.9
3ω′ + σ′ 385.2 354.8
3σ′ 417.0 417.2 421.1
4ω′ + σ′ 425.4
5ω′ + σ′ 497.8
ω′ + 3σ′ 496.8
ν5′(2PY) 533.8 532.7 532.7
4σ′ 556.7 549.5 558.9
ν5′(2PY) + ω′ 616.1 605.3 605.7
ν5′(2PY) + σ′ 674.5 673.3 674.7
ν10′(2PY) 782.4 782.8 782.3
ν10′(2PY) + ω′ 856.1
ν13′(2PY) 924.0 923.4 924.1
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assignment. An alternative assignment might be as the 2PY out-
of-plane pyramidalization modeν1′, but its calculated 79.7 cm-1

frequency is quite far from experiment.
As for 2PY‚U, a medium intense band is observed at 178.4

cm-1. Built on this excitation are a number of combination bands
involving ω′, ø′, andσ′, as listed in Table 3. As for 2PY‚U, the
half-width of this band is noticeably larger than that of the other
bands. On the basis of the CIS/6-31G(d,p) calculations, it cannot
be assigned in terms of an intermolecular vibrational excitation.
Again, we tentatively assign it to the analogue of the 2Py B
origin.

4.3. 2-Pyridone‚5-Fluorouracil. Figure 6 shows the lower
400 cm-1 of the two-color R2PI spectrum. The 00

0 transition is
observed at 30 978.1 cm-1, 66.3 cm-1 above the 000 band of
2PY‚U and 103.0 cm-1 to the blue of the 2PY‚T origin. The
overall shape of the spectrum is very similar to those of 2PY‚
U and 2PY‚T. Specifically, the frequencies and Franck-Condon
factors of the individual bands are very similar to those of 2PY‚
T. Most assignments, listed in Table 3, can be made by analogy
to the 2PY‚T spectrum and are not discussed in detail. It is
important that the frequenciesω′ andσ′ and their combinations
and overtones lie at slightly higher frequencies than for 2PY‚
T, indicating stronger H-bonds.

4.4. Excited-State Lifetimes.The fluorescence lifetime of
2PY has been determined asτfl ) 11 ( 1 ns from the width of
individually resolved rotational-vibronic lines.51 Slightly shorter
lifetimesτfl ) 9 ( 1 ns have been observed for the homodimer
(2PY)229,30,31and the complexes 2PY‚H2O, 2PY‚(H2O)2, 2PY‚
NH3, and 2PY‚(NH3)2, which are the same within the experi-
mental error at the respective electronic origins.56,57The lifetime
of 2-aminopyridine‚2-pyridone (2AP‚2PY) isτfl ) 14 ( 1 ns.58

By comparison, the fluorescence of 2PY‚U, 2PY‚T, and 2PY‚
5-FU is so weak that we have not yet been able to measure
either fluorescence lifetimes or spectra. From this, we estimate
that the respective fluorescence quantum yields and lifetimes
must be<0.05 times those of the aforementioned complexes,
and dimers orτfl must be<500 ps. We also measured the
fluorescence lifetimes of 2PY‚U and 2PY‚T by R2PI excitation/
ionization experiments. Given the UV laser pulse widths of 4-5
ns, the 1-2 ns relative trigger jitter, and the use of careful
deconvolution techniques, we would have been able to determine
fluorescence lifetimesτfl > 2 ns, but find no effect due to the
excited-state lifetime. These measurements place an independent
upper limit of 2 ns on the fluorescence lifetimes of 2PY‚U and
2PY‚T.

5. Discussion

5.1. Intermolecular Vibrations. Out-of-Plane Modes. The
R2PI spectra of 2PY‚U and 2PY‚T exhibit very weakâ′ andθ′
bands,e2% of the electronic origins. The symmetry-allowed
overtone of the third out-of-plane vibration 2δ′ is somewhat
more intense than theâ′ andθ′ fundamentals, due to a Fermi
resonance with the strongσ′ band. Due to the lower signal/
noise, we have not observed the out-of-plane vibrations in 2PY‚
5-FU. For 2PY‚U and 2PY‚T, the CIS/6-31G(d,p) calculated
θ′ frequencies are within∼2% of experiment, and the agreement
for δ′ is also good, within 5-6%. In both cases, methylation at
C5 decreases the frequency by the calculated amount.

Opening and Shear Modes. Comparison of theω′ and ø′
frequencies of 2PY‚U and 2PY‚T reveals astonishingly large
effects of methylation at C5:ω′ decreases by-9.6 cm-1 (or
-12%) andø′ increases from 86.2 to 89.0 cm-1, by +4%.
Methylation at C5 increases the moment of inertia of the uracil
moiety around the axis perpendicular to the molecular plane.
This should decrease bothω′ andø′ frequencies by 5-8%; such
decreases are indeed predicted by both B3LYP and PW91
calculations for the S0 state. Hence, the observed frequency
increase ofø′ upon methylation cannot be due to the increased
moment of inertia. On the other hand, theω′ andø′ frequency
changes upon methylation are well reproduced by the CIS/6-
31G(d,p) calculations (-7.9 cm-1 for ω′ and +5.9 cm-1 for
ø′). Hence, the frequency changes ofω′ and ø′ must involve
changes of the intermolecular force field in the excited electronic
state. The S1 T S0 transition dipole moment of 2PY is in-plane29

and approximately perpendicular to the H-bonds. This intramo-
lecular charge flow is expected to influence mainly theω′ and
ø′ frequencies, because both normal-mode eigenvectors are
oriented in the same direction as the dipole moment change.

Stretching Modes and Force Constants. From theσ′ frequen-
cies, we calculate the excited-state H-bond stretching force
constantskσ′ in a pseudodiatomic harmonic oscillator model.
Modeling the 2PY and uracil molecules as pseudoatoms of mass
95.1 and 112.1 amu each (reduced mass of 51.43 amu) and the
intermolecular stretch as a one-dimensional motion, we obtain
a stretching force constantkσ′ ) 60.7 N/m for 2PY‚U. For 2PY‚
thymine,µ is 54.21 amu, givingkσ′ ) 63.1 N/m.

Theσ′ frequency of 2PY‚U decreases by 1.6 cm-1 or -1.1%
upon C5 methylation. The CIS calculations predict a decrease
by -2.1 cm-1 (-1.6%) upon methylation; as before, we find
the CIS results to be remarkably accurate. If we would assume
that the frequency change between 2PY‚U and 2PY‚T were only
due to the increase of the reduced mass, this would decrease
the harmonic oscillator frequency by∼3%, a larger frequency
decrease than is actually observed! The increase ofkσ by ∼4%
upon C5 methylation is seen to partially counteract the reduced
mass effect on the stretching frequency.

For 2PY‚5-FU, µ ) 54.94 amu, and the force constant is
calculated askσ′ ) 65.2 N/m. The increase ofkσ′ is in agreement
with the increase in the calculated binding and dissociation
energies; cf. Table 1. For the (2PY)2 homodimer,30,31σ′ ) 153.1
cm-1 is about 9% larger than 2PY‚5-FU; due to the smaller
reduced mass of (2PY)2, the stretching force constant is nearly
the same,kσ′ ) 65.7 N/m.

5.2. Intramolecular Out-of-Plane Motions.For the closely
related (2PY)2 dimer and its d1 and d2 isotopomers, the analysis
of the rotationally resolved electronic spectra51,29has shown that
this dimer is planar in the S2 excited state (the S1 state lies
closely below, but cannot be observed for the d0 and d2 species
due to selection rules).29,30The rotationally resolved electronic
spectrum of the closely related dimer 2-pyridone‚2-hydroxy-

Figure 6. Low-frequency region of the 2C-R2PI spectra of 2-pyridone‚
5-fluorouracil (2PY‚5-FU). The wavenumber scale is relative to the
electronic origin.
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pyridine has also been interpreted in terms of a planar S1 state
structure.54 On the other hand, the 2PY monomer is slightly
nonplanar in its S1 state and exhibits two origins A and B,
assigned to two separate invertamers.51

We have interpreted the 2C-R2PI spectra of 2PY‚U, 2PY‚T,
and 2PY‚5-FU also in terms of planar S1 state structures. On
the other hand, the propensity of the 2PY chromophore to
excited-state pyramidalization at the N atom is apparent from
the weak transitions at 108-110 cm-1 and the medium strong
bands at 177-178 cm-1 which appear for all three dimers. We
cannot assign these transitions in terms of intermolecular
fundamentals, overtones, or combinations and attribute them
to intramolecular out-of-plane vibrations of 2PY. The CIS
calculation predicts an out-of-plane ring deformation vibration
localized on 2PY at 90.0 cm-1; the V′ ) 2 level of this is
expected to lie at∼180 cm-1, and we tentatively assign the
178.2 cm-1 medium strong band to such a transition. A related
assignment would be as the analogue of the B origin of 2PY
that is shifted from+95 cm-1 in 2PY to +180 cm-1 in the
2PY‚U, 2PY‚T, and 2PY‚5-FU complexes.

The CIS calculations also predict an out-of-plane ring
deformation vibration localized on the U (and T) moieties at
181.7 cm-1 (184.3 cm-1), respectively. However, the electronic
transition is localized on the 2PY moiety, and because we do
not observe strong out-of-plane fundamentals on 2PY, we expect
even less activity on U (or T).

5.3. Excited-State Lifetimes and Fluorescence Quenching
in 2PY‚U and 2PY‚T. As discussed above, the fluorescence
of 2PY‚U, 2PY‚T, and 2PY‚5FU is∼20 times weaker than that
of the other 2PY‚X complexes measured so far. This could be
due to changes of intramolecular nonradiative processes of 2PY
induced by the H-bonding to U and T. Conceivable mechanisms
are as follows:

(i) Increase of internal conversion (IC) rate of 2PY. However,
the near-constancy of the observed fluorescence lifetimes of all
other 2PY‚X complexes involving single and double H-bonds
of widely different strengths (see above) implies that IC in 2PY
is not very susceptible to the number of hydrogen bonds or the
H-bond strength, arguing against this mechanism. Also, the
efficiency of IC usually increases rapidly with excess vibrational
energy in the S1 state, leading to the disappearance of the
vibronic structure in the spectrum. This is in strong contrast to
the observed R2PI spectra that extend up to 1500 cm-1 above
the origin.

(ii) Increase of intersystem crossing (sensitized ISC) within
the 2PY molecule. This process is mediated by heavy atoms
that contribute sufficiently large spin-orbit coupling matrix
elements (external heavy atom effect). Neither U, T, nor 5-FU
contains any such atoms, refuting this mechanism.

(iii) Intermolecular singlet-triplet transfer: This is a highly
spin-forbidden process.63 It has only been conclusively observed
for quenchers containing heavy atoms (Br) with low-lying triplet
T1 states. The T1 and T2 states of uracil are lower than the S1

state of 2PY,40 but the absence of heavy atoms in uracil and
thymine also argues against this mechanism.

(iv) Intermolecular singlet-singlet electronic energy transfer
from 2PY to U, T, or 5-FU as acceptor. This can occur in 2PY‚
X complexes if the S1 state of X lies below that of 2PY. For X
) H2O, NH3, and the correspondingn ) 2 clusters, the S1
electronic states are higher than the S1 state of 2PY. For X)
2-hydroxypyridine and 2-aminopyridine, the S1 r S0 excitations
in the gas phase are experimentally known to lie at 36 13652

and 33 471 cm-1,59 2500-5000 cm-1 higher than the excitation
energy used here. All of these complexes exhibit∼10 ns
lifetimes.

The gas-phase R2PI spectra of U and T show onsets slightly
below 36 600 and 36 300 cm-1, respectively.25 Recent ab initio
studies have shown that these are the S2 r S0 transitions, to
the lowestππ* state.35,40The S1 state is an nπ* state with near-
zero oscillator strength from the S0 state. Recent work using
DFT/multireference configuration interaction (MRCI) methods40

places the nπ* state minimum of uracil at 3.95 eV or 31 900
cm-1, only ∼1000 cm-1 (0.12 eV) above the electronic origins
of 2PY‚U, 2PY‚T, and 2PY‚5-FU, and within the typical
deviation of the DFT/MRCI method (0.15 eV RMS for 37
different aromatic molecules).60 Thus, the S1 nπ* state of uracil
may lie at the same energy or even slightly below that of 2PY.
The singlet-singlet energy transfer rate for 2PYT 2PY in the
same H-bond geometry is known from the exciton splitting
between the S1/S2 states of (2PY)2 to be 3× 1012 s-1.31 The
singlet-singlet transfer in 2PY‚U and 2PY‚T is much slower,
because the oscillator strength of the uracil S1 r S0 nπ*
transition is calculated40 to be onlyf ) 2 × 10-4. In addition,
there are considerable geometry changes between the uracil S0

and S1 states, see Figures 2 and 6 in ref 40, leading to low
Franck-Condon factors for this transition. The same situation
probably prevails for T and 5-FU. If we assume a singlet-
singlet transfer rate of onlyktransf ) 3 × 109 s-1 from 2PY to
U, T, and 5-FU, this would explain the near-complete absence
of fluorescence from 2PY in the title complexes.

5.4. Electronic Spectral Shifts.The S1 T S0 electronic
origins of 2PY‚U, 2PY‚T, and 2PY‚5-FU are shifted to the blue
of the A origin of 2PY byδν ) D0(S1) - D0(S0) ) 1050-
1150 cm-1. Electronic excitation lowers the S1 state dissociation
energy by 3.0-3.3 kcal/mol, which is 15% of the PW91 S0

state dissociation energyD0(S0). Blue-shifts have also been
observed for other doubly H-bonded complexes of 2PY, for
example, (2PY)2,28-31 2PY‚2-hydroxypyridine,54,61 and 2PY‚
2-aminopyridine.58 In Figure 7, we plot the PW91 calculated
dissociation energiesD0(S0) versus the experimental spectral
blue-shiftsδν. With the exception of the (2PY)2 dimer, which
exhibits exciton splittings of its S1/S2 states, the spectral shift
scales nearly linearly withD0(S0). According to this plot,δν
extrapolates to zero atD0(S0) ) 12.9 ( 0.1 kcal/mol. This
implies that the observed decrease of dissociation energy upon

Figure 7. Experimental spectral blue-shiftsδν of the doubly H-bonded
dimers 2-pyridone‚X (X ) 2-aminopyridine, 2-hydroxypyridine, 2-py-
ridone, uracil, thymine, 5-fluorouracil), relative to the A 00

0 band of
2PY, plotted versus the respective PW91/6-311++G(d,p) dissociation
energiesD0.
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electronic excitation is a nearly constant fraction of a part of
the ground-state binding energy.

In hydrogen-bonding solvents,ππ* transitions typically shift
to lower frequency upon H-bond formation, while nπ* transi-
tions shift to the blue.62 Large blue-shifts upon solvation are
also typical for Rydberg transitions, due to repulsion of the large
Rydberg orbitals by the surrounding solvent. The S1 T S0

transition of 2PY is aππ* transition by all experimental criteria,
that is, in-plane transition dipole moment, large high oscillator
strength, and short excited-state lifetimes.29,30,56,57While the
spectral blue-shifts might be due to mixing of a low-lying nπ*
state with theππ* S1 state, we consider the mixing with a
Rydberg-typeπσ* state to be more probable. The important
role of ππ*/πσ* state crossings for the excited-state photo-
physics of phenol has been investigated by Sobolewski and
Domcke,63,64 and the implications for the photochemistry of
aromatic molecules, especially excited-state hydrogen transfer,
have also been discussed.65,66

6. Conclusions

2PY‚U, 2PY‚T, and 2PY‚5-FU are model systems for the
(uracil)2, uracil‚thymine, and uracil‚5-fluorouracil nucleic acid
base pairs that occur in natural or synthetic RNA. These model
dimers are accessible to vibronic R2PI spectroscopy, because
2PY is sufficiently long-lived in the S1 excited state, whereas
the uracil, thymine, or 5-fluorouracil bases have extremely short
excited-state lifetimes. However, the near-absence of fluores-
cence from 2PY‚U, 2PY‚T, and 2PY‚5-FU implies that the S1
state lifetime of the 2PY chromophore in these complexes is
e500 ps,∼20 times less than for all other 2PY‚X complexes
measured so far. We suggest singlet-singlet energy transfer
from 2PY to the nπ* S1 states of uracil, thymine, and
5-fluorouracil as the cause. Recent high-level calculations40

predict these to lie at approximately the required energy and to
have very low oscillator strengths from the respective S0 states,
which explains why they have so far not been observed.

UV hole-burning measurements show that for all three dimers
only one species is observed in the range from the electronic
origins to ∼1100 cm-1 above. On the basis of PW91 DFT
calculations, we attribute these to the doubly N-H‚‚‚OdC
isomers linked via the N1-H and C2dO functional groups of
U, T, and 5-FU, denoted U1, T1, and F1. Under biological
conditions, the N1-H functional groups of the pyrimidine
nucleobases are glycosylated, so the U1, T1, and F1 dimers are
not those observed in RNAs. These “sugar-edge” isomers are
about 4 and 5 kcal/mol more stable than the two Watson-Crick
isomers, which are of similar H-bond strength and are denoted
U2/U3, T2/T3, and F2/F3, respectively. We are currently
investigating the Watson-Crick dimers, which do form in the
supersonic jet when the N1-H position of uracil or thymine is
chemically blocked.

In the S1 state, the three in-plane H-bond vibrations,ω′, ø′,
σ′, and the overtone of the stagger mode 2δ′ were measured
for all three dimers. In addition, weak out-of-plane buckleâ′
and propeller twistτ′ fundamentals were observed for 2PY‚U
and 2PY‚T. The observed frequencies are 1-5 times higher than
the harmonic frequencies calculated by the CIS/6-31G(d,p)
method for the U1, T1, and F1 isomers, respectively. These
CIS calculations reliably predict the frequency splittings between
theω′ andø′ modes, which are highly specific for the different
isomers U1/U2/U3 and T1/T2/T3, as well as the frequency
decreases and increases that occur upon methylation and
fluorination at the C5 position of uracil.

Relative to 2PY‚U, methylation at C5 leads to an increase in
the measured H-bond stretching force constant of 4%. However,

the calculated dissociation energy is approximately the same.
Fluorination at C5 leads to an increase of the stretching force
constant by 7.4% and an increase ofD0 by 2.5%.
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