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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 sitifjle N
donor and &0 acceptor group. We report the mass-selected-5, vibronic spectra of 2P¥J, 2PY-T,

and 2P¥5-FU, revealing properties of their H-bonds free of stacking interactions and backbone constraints.
The in-plane H-bond vibrationg)', y', ¢, are observed for all three dimers; the out-of-plane vibrati$ns

7' and the overtone of the stagger modé &e measured for 2PY and 2P¥U. The experimental frequencies

are in good agreement with the ab initio calculated frequencies of the most stable H-bonded isomer, which
involves the N+-H and C2=0 groups of U, T, or 5-FU as H donor/acceptor. The H-bond dissociation energies
follow the sequence & U < 5-FU. However, the experimentaj State H-bond stretching force constants
increase in the sequenceUT < 5-FU. The absence of fluorescence from these dimers implies that the S
lifetimes of 2PY in these complexes ar0 times shorter than those in the other 2R¥omplexes measured

so far. Energy transfer from 2PY to U (T, 5-FU) is suggested as the cause, which implies that tBe n
states of U, T, and 5-FU, which have never been directly observed, lie below the*State of 2PY.

1. Introduction ridone (2PY) molecule, shown in Figure 1, is analogous to U,
. o T, and 5-FU, exhibiting the same NH donor and &O

The low-frequency dynamics and collective vibrational modes acceptor groups. The 2-pyridone dimer, (2R ¥gs antiparallel

of DNA have been extensively studied because of their relevancen —...o=c hydrogen bonds with a H-bonding topology

for biological processes, using techniques such as neutrongnaiogous to that of the uracil wobble dimerUA718 |ts

scattering, NMR, and Raman spectroscépyHowever, the  symmetric doubly hydrogen-bonded structi&intermolecular

hydrogen-bond vibrational frequencies between the base Pairsyiprations3® and ultrafast excited-state energy tran&férave

are strongly influenced by steric and energetic constraints peen studied. The perfect fit of the two H-bonding contacts in

imposed by the DNA backbone and by interactions with nearby (2PY), leads to a very high double H-bond energy~&0 kcal/
solvent molecules and ions. The transitions are often maskedyo| and a high propensity for gas-phase dimerizatfon.

by collective modes of the DNA backbone, and assignments
are often difficult*°> To probe and understand the hydrogen bond
and other pair interactions of the nucleobases, it is necessary t
remove them from their biological environment and study them
in the gas phas&.l® The biological relevance of doubly
hydrogen-bonded W “wobble” dimers is well established from
crystal structures of RNA oligomets;2° ribozymes?! and
ribosomal RNA subunit$? 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) 2 Due to its powerful and specific “suicide substrate”
mechanisn#? 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%cfor U
and 36 300 cm! for T.25 Due to their ultrarapid nonradiative
decay?5?7resolved 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-

Isolated guanineytosine (GC), G-G, and adeninghymine
(A-T) dimers have been investigated in supersonic jets using
Gesonant two-photon ionization, t+RJV, and UV—UV hole-
burning method&11*For G-C, the analysis of the NH and
O—H stretching vibrations shows that the observed dimer is in
the Watsor-Crick configuration, but with cytosine in its enol
form. For AT, the Watsor-Crick base pair is not the most
stable isomer, and its calculated vibrational spectrum is not in
agreement with the observed spectrifm.

Here, we investigate the mixed dimers 2RY 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 W and TT can exist in eight H-bonded
forms, as shown by theoretical investigatiéhg;pyridone forms
only two H-bonds, which restricts the number of isomers to
only three. The comparison of the spectra of 2BY2PY-T,
and 2P¥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 EnergiesAs shown
* Corresponding author. E-mail: leutwyler@iac.unibe.ch. in a number of theoretical studies, U can exist in 13 different
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TABLE 1: 2-Pyridone -Uracil, 2-Pyridone-Thymine, and 2-Pyridone5-Fluorouracil Calculated PW91/6-311+G(d,p)
Ground-State Binding EnergiesDe, Dissociation EnergiesD,, Basis Set Superposition Errors BSSE, Excited-State Dissociation

EnergiesDy(S,), and Barriers to Pyramidalization in the S; State (in kcal/mol)
isomer Ul u2 U3 T1 T2 T3 F1 F2 F3
De —20.7 —16.7 —15.3 —20.5 —-16.4 —155 —21.2 —17.0 —16.1
Do —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
Do(S)? -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

3 From Do(So) and the experimental blue-shift of th& @ransition.
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Figure 1. Minimum energy structures of three isomers of 2-pyridone
uracil (2PY-U) calculated at the PW91/6-3+#G(d,p) level. Binding
energiesD. are in kcal/mol.

tautomeric and rotameric forn3$:4° With all ab initio theoreti-

cal methods, the energy gap between the most stable 2,4-diket
tautomer of U and the next higher ketenol tautomer is
calculated to be 18612 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 they &nd S states. The
ground-state structures, binding enerdigsdissociation ener-
giesDy, 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 plan@ $ymmetric) geometries.
TheDe andDg values are compiled in Table 1, which also gives
the basis set superposition errors (BSSE}3 For the analogous
dimer (2PY3}, we have shown that the PW91/6-311+G(d,p)
method yields structural and binding energy properties which

basis set extrapolatiod$ The most stable isomers involve two
antiparallel N-H---O=C hydrogen bonds. Several other co-
planar isomers with €H---O=C hydrogen bonds were also
optimized and are found to be-20 kcal/mol less stabt. The
“stacked” complexes are expected to bel® kcal/mol less
stable, judging by the recent high-level calculations by Leininger
et al. on stacked W dimers?®

The three N-H---O=C H-bonded isomers of 2PY are
shown in Figure 1. Isomer U1 is H-bonded via the-Nd. and
C2=0 groups, also called the “sugar edgéWith D¢ = —20.7
kcal/mol, it is by far the most stable isomer. Maintaining the
C2=0 acceptor group of uracil and exchanging the-¥Lby
N3—H reduce®. by 5.4 kcal/mol or 25%, resulting in the least
stable isomer U3, cf. Figure 1. Exchanging the=€2acceptor
by C4=0 and keeping the N3H donor yields the isomer U2
which is 1 kcal/mol more stable than U3. The U2 and U3
isomers are WatsorCrick-type dimers, and both have been
observed in rRNA2 RNA oligomers?° and ribozymé! crystal
structures.

For 2PY-T, the three analogous isomers are denotee T1
T3. They exhibit the same energetic ordering as the -2PY
isomers, as shown in Table 1. Depending on the isomer, the
methylation slightly decreases or increases the binding energy
D¢, 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 analogousiF3
isomers of 2PY5-FU follow the same sequence of H-bond
binding energy. Fluorination at the 5-position increasesihe
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 NIH site is 10-14 kcal/mol more acidic
than the N3-H.47-%0 Furthermore, the measured gas-phase
acidity of uracil AHgcii® = 333 £ 4 kcal/mol is in excellent
0agreement with the B3LYP/6-3#+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 acidié?>0

The S 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 2P¥5-FU are slightly pyramidal at the
N—H group of the 2-pyridone moief{?:3! This has also been
observed experimentally for the 2-pyridone monofieFhe
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 Sate vibrational
zero-point energy of the 2PY out-of-plane pyramidalization
vibration; see below. We expect the Satev = 0 vibrational
wave function to extend symmetrically over both pyramidal

are in excellent agreement with those obtained by MP2 completeforms, leading to a quasi-planar structure.
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TABLE 2: S; State Inter- and Intramolecular Vibrational Frequencies and Intermolecular Zero-Point Energies (in cnr?) of
2-Pyridone-Uracil, 2-Pyridone-Thymine, and 2-Pyridone5-Fluorouracil Isomers, Calculated at the CIS/6-31G(d,p) Level

isomer Ul u2 U3 T1 T2 T3 F1 F2 F3
Intermolecular Vibrations:

V1 bucklef 19.1 19.1 18.5 17.4 18.8 16.6 17.7 19.2 16.9

Vo propeller twistd 43.9 36.6 36.2 41.6 32.9 35.6 415 33.5 36.2

V3 staggen 61.3 63.7 63.5 59.4 62.0 57.6 60.8 69.8 594

V4 openingw 77.8 70.9 80.8 69.9 62.0 64.5 70.5 63.1 66.5

Vs sheary 82.0 85.3 71.1 87.9 84.4 84.8 81.4 80.6 80.3

Ve stretcho 128.5 124.6 121.3 126.4 112.3 120.2 128.9 112.7 121.7

ZPEhnter 206.3 200.0 195.7 201.3 189.0 189.6 200.4 189.5 190.5
Intramolecular Vibrations:

11(2PY) 2PY butterfly def. 90.0 80.0 85.8 79.7 79.6 78.5 90.0 87.6 88.5

v1(T) CH; wagging 128.3 118.4 124.2

vo(T) CHg torsiont 165.4 169.9 170.3

v4(2PY) 2PY/X ip. ring def. 500.5 499.0 497.7 495.1 498.2 497.7 492.7 495.7 496.4

v5(2PY) 2PY/X ip. ring def. 566.6 568.4 568.5 507.4 501.7 501.5 506.4 498.9 499.7

v6(2PY) 2PY/X ip. ring def. 574.8 574.5 573.0 574.4 573.9 573.4 573.4 572.4 572.1

2.2. Inter- and Intramolecular Vibrations. The six inter- the intermoleculay’ and¢’ vibrations for U1 and a few crt

molecular harmonic frequencies of 2RY, 2PY-T, and 2P¥ lower for T1, between the' andy’ vibrations.

5-FU calculated at the CIS/6-31G(d,p) levels are given in Table
2. The B3LYP/6-31%+G(d,p) and PW91/6-3Ht+G(d,p)
ground-state vibrations are available as Supporting Information.
The three out-of-plane (oop) intermolecular vibrations lie in the
range 26-80 cntl,

For all isomers of 2PYU, 2PY-T, and 2P¥5-FU, the lowest-
frequency vibration is the “buckle” modg¢at 18-19 cntL. It
is followed by the “propeller twist” modé around the in-plane
long axis of the dimer. The “stagger” modeis a slanting
motion, typically at~60 cnT?!; see Figure 2. The in-plane

v,=77.8 cm’
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-5/ / ‘ Figure 3. CIS/6-31G(d,p) normal modes for the opening sheary’,
Stagger & and stretcty’ intermolecular vibrations of the U1 isomer of 2-pyridene
v, =613 cm’ uracil.

Figure 2. CIS/6-31G(d,p) normal modes for the buclde propeller ) )
twist 0', and staggep' vibrations of the Ul isomer of 2-pyridone 3. Experimental Section
uracil.
The dimers were synthesized and cooled in 20 Hz pulsed

vibrational modes are shown in perspective views in Figure 3. supersonic expansions through a thin-walled 0.6 mm diameter
The “opening” (v) mode derives from conrotatory or cogwheel- nozzle, using Ne carrier gas at a backing pressure of 2 bar.
like in-plane motions. The corresponding disrotatory motion is 2-Pyridone (Aldrich) was placed in a stainless steel container
the “shear” vibratiorny. The highest-frequency intermolecular at 95°C, through which the Ne was flowed to the nozzle via a
vibration is always the H-bond stretching mode connection tube held at 10%. Uracil, thymine, or 5-fluorou-

The lower-lying CIS/6-31G(d,p) Sstate intramolecular  racil (Fluka, 99%) was placed inside the pulsed nozzle, where
frequencies are also given in Table 2. The lowest-frequency mixing occurs with the neon/2PY gas stream. The nozzle
vibration on the 2PY moiety, referred to above as the pyrami- temperature was 21% for experiments on 2PYJ, 185°C for
dalization vibration, lies at 8090 cnt?!, which lies between 2PY-T, and 220°C for 2PY-5-FU.
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Figure 4. Two-color R2PI spectra of (a) 2-pyridongacil and (b) Figure 5. Low-frequency region of the 2C-R2PI spectra of (a)
2-pyridonethymine. The wavenumber scales are relative to the 2 pyrigoneuracil and (b) 2-pyridonghymine. The wavenumber scales
respective electronic origins at 30 911.6 and 30 874.5'cm are relative to the respective electronic origins.

Mass-selected two-color resonant two-photon ionization (2C- and 30 978.1 cmtt for 2PY-5-FU are the strongest bands in
R2PI) spectra were measured by crossing the skimmed superipe spectrum and are assigned as the- origins. They are
sonic jet with the unfocused UV excitation and ionization lasers, |ocalized in the 2-pyridone moiety and lie1000 cnt? to the
which were brought to spatial and tempor&l0(5 ns) overlap blue of the so-called “A” $— S origin of 2PY at 29 831.2
within the source of a linear time-of-flight mass spectrometer. -129,51,52
For the § — S excitation, we employed pulse energies of-0.2 In the gas phase, 2-pyridone also exists in the enol or

1.0 mJ from a frequency-doubled dye laser pumped by the ; oy pyridine (2HP) form. The gas-phase enol:keto tau-
second harmonic of a Nd:YAG laser. For ionization, the fourth 1o ratio is 2HP:2PY= 3:153 and the dimers of 2HP with

harmqnic (266 nm) of the same Nd:YAC'f Ia.ser'Wéls' used at U, T, or 5-FU must also exist in the supersonic beam. However,
energies of 2 mJ/pulse. To increase the ionization yield, the the S — S, electronic absorption of 2HP lies aB85 000 crt
266 nm ionization beam was back-reflected through the source 454 cnr1 further to the blue. Thus, we completely discrimi’nate

of the mass spectrometer. The cluster ions were detected on, . .inct the dimers with 2HP on spectroscopic arounds
the expected massaw/e 215, 230, and 234, respectively) using g P Py '

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 1 mJ UVlaser
pulse depleted they¥ibrational ground state, and the residual
ground-state population was probed 300 ns later by the R2PI
technique on the S— SO electronic origin. Typical deplgtlons symmetric ain-plane vibrations to dominate the vibronic band
were 20-25%. Depletion spectra were recorded either by

] . ) structure for all three complexes.

scanning the UV hole-burning laser or by successive R2PI scans 4.1, 2-PvridoneUracil. An overview 2C-R2P| spectrum of
with and without the hole-burning laser. For all three dimers, o y ' P

the UV hole-burning spectra reproduce the 2C-R2PI spectra to rZ;]Y': (': 43()%0\évnrjr'ln fﬁgeuﬁegs;bzggrgbizszgvﬁ igtg"? .Of the
~1100 cn1?, implying that each spectrum is due to only one g ) :

The orientation of the S<> S electronic transition dipole
moment of 2-pyridone in the analogous (2Réphd 2P¥2HP
complexes measured by Pratt and co-workers lies within the
plane and roughly perpendicular to the long in-plane axis of
the dimer2?540n the basis of the calculated planarity of the S
state and near-planarity in the Sate and because the S S
electronic transition of 2PY is in-plane, we expect the totally

species assigned to the out-of-plane propeller twist vibratiéh
P ' calculated at 43.9 cri; see Figure 2. The band at 82.2 tn
4. Results is assigned as the in-plane “opening” fundamenigl based

on its intensity and the CIS calculated frequengy= 77.8
The § — S spectra of all three dimers were investigated cm~1. Consequently, the 86.2 crh shoulder on the high-
over the range 30406832 000 cntl. The lowest-frequency  frequency side of the 82.2 cthband is assigned to the shear
bands at 30 911.6 cm for 2PY-U, 30 874.5 cm? for 2PY-T, modey’, in accord with the CIS frequengy = 82.0 cnm?; see
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TABLE 3: Experimental S; State Vibrational Frequencies of 2PY, which renders this assignment improbable. We tentatively

%-Pyrigone-Uralcil, 2'Pyri_(|10_“e‘Th}/{“i“ev and assign this band in terms of the “B” origitP152in bare 2PY:
-Pyridone-5-Fluorouracil (in cm ™) this origin lies 95 cm! above the A origin and has been
) ) ] ) 2-pyridone interpreted as a conformer origin with pseudoaxial orientation
2-pyridoneuracil 2-pyridonethymine  5-fluorouracil of the N—H bond5! One may speculate that this origin is shifted
00 (S1— o) 30911.6 30874.5 30978.1 from 95 to 178 cm® by complexation to uracil. Further supports
B 17.6 for this argument are: (i) that this band has a broader rotational
o 45.0 40.9 contour (3.5 cm! fwhm) than the other low-lying bands, which
® 82.2 o gazé? 735 have widths of 2.22.5 cnt* fwhm. This may reflect a different
Y 86.2 89'_0 88.0 orientation of the transition dipole moment within the dimer,
v'(2PY)or¢' +6' 1104  »/(2PY)  107.7 as would be expected for a pseudoaxiatiit--O=C coordina-
2¢' 129.3 126.8 tion, which results in a bent dimer. (i) A medium strong
o 141.7 o 11215?-51 114:172'60 excitation which is difficult to assign is also observed in 2PY
w . . - . .
o + 20 1575 156.5 156.4 T aqd ZPYS-FU, see below, and in the (g-pyr|doaej|m§r
20" 164.4 and its isotopomers at191 cntl. An alternative interpretation
B 178.2 B2y 1784 B 177.0 of this band is as the first overtone of the 2PY out-of-plane
w+o 222.4 , 210.8 213.7 intramolecular pyramidalization deformation mode;' 2PY),
L 3w 2183 2211 with a CIS frequency of 90.0 cm. It is unclear what the effect
y + 0 227.9 228.1 229.2 ) ) Lo ; .
30’ 245.0 of barrier to planarity along the pyramidalization coordinate is
B+ o 258.5 250.8 249.7 on the overtone frequency, but 178 this not unreasonable.
B+y 261.0 265.5 Summarizing, we note that nearly all of the excitations in
20' 281.0 278.3 281.7 -y he i lecular i
20’ + o 303.7 5832 5863 the range up to 530 cm correspond to t le intermolecular in-
B+ o 316.6 plane vibrational fundamentals and their overtones and com-
40" 323.9 291.4 294.3 binations. As expected from the calculations that yielded planar
B+ 315.8 315.8 structures for the gand quasi-planar structures for thessate,
Bt o 324.0 the out-of-plane excitations are much weaker than the in-plane
o'+ 20 360.3 347.3 359.1 L
Y+ 20 367.0 364.4 367.9  Vibrations.
3w +o 385.2 354.8 At 533.8, 782.4, and 924.0 crh intense intramolecular
43270, Yy 417.0 f2157-42 4211 vibrations are observed. These are in-plane ring deformation
50 + g, 4978 vibrations of 2PY and are assigned in Table 3. All other bands
o + 30 496.8 in the region up to 1000 cm are combination bands involving
vs' (2PY) 533.8 532.7 532.7 the intermolecular fundamentals discussed above.
47 , 556.7 549.5 558.9 4.2. 2-PyridoneThymine. The overview and detailed 2C-
v5' (2PY) + @ 616.1 605.3 605.7 S
v (2PY) + o 674.5 673.3 674.7 R2PI spectra _of 2PYT are shown in Figures 4b and 5b. The
116 (2PY) 782.4 782.8 782.3 0% transition is at 30 874.5 cm, 37.1 cnt! lower than the
V10 (2PY) + o' 856.1 electronic origin of 2PYU. Two very weak bands at 17.6 and
13 (2PY) 924.0 923.4 924.1

40.9 cnt! can be observed, which are assigned as the out-of-

Figure 3. The intense vibronic band at 141.7-éris assigned ~ Plane butterfly f* and propeller twist¢" fundamentals, lin
to the hydrogen-bond stretching vibratioh for which the CIS excellt?nt_agreement 1W'th the CIS frequengiés= 17.4 cnt
calculated frequency is = 128.5 cnt™. The calculatea’ and and ¢ = 41.6 cnmr. Nontotally symmetric out-of-plane

y frequencies are about 5%, thefrequency 9% lower than fundamentals are weakly allowed in vibronic spectra of mo-
was observed. lecular dimers or complexes due to their large-amplitude

Overtone excitations of the opening vibration can be identified charactef® With this amendment, the weakness of these out-
up to 4’ at 323.9 cm?, and those of the’ stretch can be of—plarje ex.cltatlonsjiZ% of the electronic orlgl.n) is consistent
identified up to & at 417.0 cm*. Many weak to medium weak \_Nlth_V|bron|c sele_ctlo_n rules for & symmetric system and
bands can be assigned as combinationa’ofy’, ando’; see implies that 2P YT is either planar or quasiplanar in thes$ate.
Table 3. We assign the first strong excitation at 72.6 ¢no thew’

The weak band at 129.3 crhis too high for an out-of-plane ~ 0pening vibration. In contrast to 2PY, they' shearing mode
fundamental, while all three in-plane fundamentals are already at 89.0 cm* is now clearly separated from the excitation.
assigned. We tentatively attribute it to thé’ 2vertone of the ~ The CIS frequencies awe’ = 69.9 cnt* andy’ = 87.9 cnm?,
“stagger” vibration, which implies a fundamental frequency of both slightly lower than observed. The strong band at 140.1
0" ~ 64.7 cntl. The CIS calculated frequency for is 61.3 cm* is assigned to the’ fundamental, analogous to 2RY.
cm~1, 5% lower than was observed, similar to those observed As for 2PY-U, overtone progressions are observeddoand
for the w' andy’ fundamentals; see above. The weak band at ¢'. Many further combination and overtone bands are listed in
110.4 cmlis assigned as the combination batd+ o', which Table 3.

is consistent with the previous assignment®'cdind 2', from The weak band at 126.8 crhis assigned to the overtone of
which one predicts 109.7 crhfor this excitation. the stagger vibration,®, in analogy to 2PYU. The resulting
A medium strong band is observed at 178.2-énBuilt on fundamental frequency) ~ 63.4 cnt! is in acceptable
this excitation, one finds a number of combination bands with agreement with the CI®' = 59.4 cntl. The weak band at
o', ¥, and o', listed in Table 3. The shear overtong' 2s 107.7 cntl is very similar in frequency and intensity to the
expected at 172 cm, but the frequency and the intensity of weak 110.4 cm! band of 2PYU. This precludes an assignment
the observed band are too high for an assignmentyasAa as a methyl rotor excitation for 2PY. From the above

out-of-plane ring deformation centered on U is calculated to assignments, one would expect e+ 6’ combination band
lie at 181.7 cm?, but the electronic transition is centered on at 104.3 cm?, in much less good agreement than the 2BPY
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2-Pyridone5-Fluorouracil

5.1. Intermolecular Vibrations. Out-of-Plane ModesThe
R2PI spectra of 2PYJ and 2P¥T exhibit very wealk' andé’
bands,<2% of the electronic origins. The symmetry-allowed
overtone of the third out-of-plane vibrationd'2is somewhat
more intense than th® and ¢’ fundamentals, due to a Fermi
resonance with the strong band. Due to the lower signal/
noise, we have not observed the out-of-plane vibrations in 2PY
5-FU. For 2P¥U and 2P¥T, the CIS/6-31G(d,p) calculated
0" frequencies are within2% of experiment, and the agreement
for ¢' is also good, within 56%. In both cases, methylation at
C5 decreases the frequency by the calculated amount.

Opening and Shear Mode€omparison of they' and y'
frequencies of 2P¥UJ and 2P¥T reveals astonishingly large

Relative Wavenumber / cm’” effects of methylation at C5w' decreases by-9.6 cnt® (or
Figure 6. Low-frequency region of the 2C-R2PI spectra of 2-pyridone —12%) z:_lndx' Incr_eases from 86.2 to 89'0_ Cﬁ)_by +4%. .
5-fluorouracil (2P¥5-FU). The wavenumber scale is relative to the Methylation at C5 increases the moment of inertia of the uracil
electronic origin. moiety around the axis perpendicular to the molecular plane.
This should decrease baih andy’ frequencies by 58%; such
assignment. An alternative assignment might be as the 2PY out-decreases are indeed predicted by both B3LYP and PW91
of-plane pyramidalization moda’, but its calculated 79.7 cr calculations for the &state. Hence, the observed frequency
frequency is quite far from experiment. increase of¢' upon methylation cannot be due to the increased

As for 2PY-U, a medium intense band is observed at 178.4 moment of inertia. On the other hand, théandy' frequency
cm2. Built on this excitation are a number of combination bands changes upon methylation are well reproduced by the CIS/6-
involving o', ', ando’, as listed in Table 3. As for 2P, the ~ 31G(d,p) calculations<7.9 cn* for " and +5.9 cnt* for
half-width of this band is noticeably larger than that of the other x'). Hence, the frequency changes«fand ' must involve
bands. On the basis of the CIS/6-31G(d,p) calculations, it cannotchanges of the intermolecular force field in the excited electronic
be assigned in terms of an intermolecular vibrational excitation. State. The §< S transition dipole moment of 2PY is in-platte
Again, we tentatively assign it to the analogue of the 2Py B and approximately perpendicular to the H-bonds. This intramo-
origin. lecular charge flow is expected to influence mainly thleand

4.3. 2-Pyridone5-Fluorouracil. Figure 6 shows the lower 1" frequencies, because both normal-mode eigenvectors are
400 cn! of the two-color R2PI spectrum. ThéGransition is oriented in the same direction as the dipole moment change.
observed at 30 978.1 crfy 66.3 cnT! above the & band of Stretching Modes and Force Constarfisom theo’ frequen-
2PY-U and 103.0 cm! to the blue of the 2P¥T origin. The cies, we calculate the excited-state H-bond stretching force
overall shape of the spectrum is very similar to those of 2PY  constants, in a pseudodiatomic harmonic oscillator model.
U and 2P¥T. Specifically, the frequencies and FrardBondon Modeling the 2PY and uracil molecules as pseudoatoms of mass
factors of the individual bands are very similar to those of 2PY 95.1 and 112.1 amu each (reduced mass of 51.43 amu) and the
T. Most assignments, listed in Table 3, can be made by analogyintermolecular stretch as a one-dimensional motion, we obtain
to the 2P¥T spectrum and are not discussed in detail. It is @ stretching force constaky = 60.7 N/m for 2P¥U. For 2P
important that the frequencies ando’ and their combinations ~ thymine,u is 54.21 amu, givindy = 63.1 N/m.
and overtones lie at slightly higher frequencies than for 2PY  Theo' frequency of 2PYU decreases by 1.6 crhor —1.1%

T, indicating stronger H-bonds. upon C5 methylation. The CIS calculations predict a decrease
4.4. Excited-State Lifetimes.The fluorescence lifetime of by —2.1 cnt! (—1.6%) upon methylation; as before, we find
2PY has been determined as= 11 + 1 ns from the width of the CIS results to be remarkably accurate. If we would assume

individually resolved rotational-vibronic linéSlightly shorter ~ that the frequency change between 2Bind 2P¥T were only
lifetimesty = 9 + 1 ns have been observed for the homodimer due to the increase of the reduced mass, this would decrease

142.0
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147.6
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(2PY)293031and the complexes 2PM,0, 2PY-(H,0),, 2PY- the harmonic oscillator frequency by3%, a larger frequency
NHs, and 2P¥(NHs),, which are the same within the experi- decrease than is actually observed! The increasg by ~4%
mental error at the respective electronic origi¥.The lifetime upon C5 methylation is seen to partially counteract the reduced
of 2-aminopyridine2-pyridone (2AP2PY) istq = 14 4+ 1 ns8 mass effect on the stretching frequency.

By comparison, the fluorescence of 2R 2PY-T, and 2P¥ For 2PY-5-FU, 4 = 54.94 amu, and the force constant is

5-FU is so weak that we have not yet been able to measurecalculated agy = 65.2 N/m. The increase & is in agreement
either fluorescence lifetimes or spectra. From this, we estimatewith the increase in the calculated binding and dissociation
that the respective fluorescence quantum yields and lifetimes energies; cf. Table 1. For the (2P\jomodimer®3l¢’ = 153.1
must be<0.05 times those of the aforementioned complexes, cm™t is about 9% larger than 2P5-FU; due to the smaller
and dimers orrg must be <500 ps. We also measured the reduced mass of (2P¥,)the stretching force constant is nearly
fluorescence lifetimes of 2PY and 2P¥T by R2PI excitation/ the samek, = 65.7 N/m.

ionization experiments. Given the UV laser pulse widths-654 5.2. Intramolecular Out-of-Plane Motions. For the closely
ns, the 2 ns relative trigger jitter, and the use of careful related (2PYj3dimer and its dand ¢ isotopomers, the analysis
deconvolution techniques, we would have been able to determineof the rotationally resolved electronic speét#&has shown that
fluorescence lifetimesy; > 2 ns, but find no effect due to the this dimer is planar in the ;Sexcited state (the ;Sstate lies
excited-state lifetime. These measurements place an independentlosely below, but cannot be observed for th@dd ¢ species
upper limit of 2 ns on the fluorescence lifetimes of 2BYand due to selection ruleg:3°The rotationally resolved electronic
2PY-T. spectrum of the closely related dimer 2-pyridegvaydroxy-
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pyridine has also been interpreted in terms of a planat&e [ I B ' ' ' ' T
structure®* On the other hand, the 2PY monomer is slightly 18 7

. o .. F . 2PY-2AP 4
nonplanar in its $state and exhibits two origins A and B, 6L * |
assigned to two separate invertamg@rs. i

We have interpreted the 2C-R2PI spectra of 2BY2PY-T,
and 2P¥5-FU also in terms of planar;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 168110 cnt! and the medium strong .
bands at 177178 cnt* which appear for all three dimers. We 2PYTT‘x\X2pY.U
cannot assign these transitions in terms of intermolecular 20~ S
fundamentals, overtones, or combinations and attribute them - (2PY), x 2PY-5EU ™ ]
to intramolecular out-of-plane vibrations of 2PY. The CIS 21 | | | | | |2 | | |
calculation predicts an out-of-plane ring deformation vibration 400 500 600 700 800 900 1000 1100 1200
localized on 2PY at 90.0 cm; the v/ = 2 level of this is Exp. blue-shift / cm™
expected to lie at-180 cn1?, and we tentatively assign the  Figure 7. Experimental spectral blue-shifis of the doubly H-bonded
178.2 cnt! medium strong band to such a transition. A related dimers 2-pyridoneX (X = 2-aminopyridine, 2-hydroxypyridine, 2-py-
assignment would be as the analogue of the B origin of 2PY ridone, uracil, thymine, 5-fluorouracil), relative to the A’®and of
that is shifted from+95 cnt? in 2PY to +180 cntl in the 2PY, plotted versus the respective PW91/6-8%15(d,p) dissociation
2PY-U, 2PY-T, and 2P¥5-FU complexes. energiesDo.

The CIS calculations also predict an out-of-plane ring ;433 471 ¢mi 59 2500-5000 cnrt higher than the excitation
deformation vibration localized on the U (and T) moieties at energy used h’ere. All of these complexes exhiblt0 ns

181.7 cn* (184.3 cn?), respectively. However, the electronic  jitatimes.

transition is localized on the 2PY moiety, and because we do .
not observe strong out-of-plane fundamentals on 2PY, we expect The gas-phase R2PI spectra of U gnd T show onset.s .s.llghtly
' below 36 600 and 36 300 crh respectively?® Recent ab initio

even less _actlwty on U (Qr D ) studies have shown that these are the-SS, transitions, to
5.3. Excited-State Lifetimes and Fluorescence Quenching  the |owestzr* state354°The S state is an n* state with near-
in 2PY-U and 2PY-T. As discussed above, the fluorescence zerg oscillator strength from the, State. Recent work using
of 2PY-U, 2PY-T, and 2P¥5FU is~20 times weaker than that  pFT/multireference configuration interaction (MRCI) methds
of the other 2PYX complexes measured so far. This could be pjaces the n* state minimum of uracil at 3.95 eV or 31 900
due to changes of intramolecular nonradiative processes of 2PYcm~1, only ~1000 cn1? (0.12 eV) above the electronic origins
induced by the H-bonding to U and T. Conceivable mechanisms of 2PY-U, 2PY-T, and 2P¥5-FU, and within the typical

are as follows: deviation of the DFT/MRCI method (0.15 eV RMS for 37
(i) Increase of internal conversion (IC) rate of 2PY. However, different aromatic molecule$§).Thus, the $nxz* state of uracil

the near-constancy of the observed fluorescence lifetimes of allmay lie at the same energy or even slightly below that of 2PY.

other 2P¥X complexes involving single and double H-bonds The singlet-singlet energy transfer rate for 2P¥ 2PY in the

of widely different strengths (see above) implies that IC in 2PY same H-bond geometry is known from the exciton splitting

is not very susceptible to the number of hydrogen bonds or the between the S, states of (2PY)to be 3x 10'2 s13! The

H-bond strength, arguing against this mechanism. Also, the singlet-singlet transfer in 2P¥U and 2P¥T is much slower,

efficiency of IC usually increases rapidly with excess vibrational because the oscillator strength of the uracil S S nz*

energy in the $ state, leading to the disappearance of the transition is calculated to be onlyf = 2 x 107 In addition,

vibronic structure in the spectrum. This is in strong contrast to there are considerable geometry changes between the usacil S

the observed R2PI spectra that extend up to 1500'@hove ~ and § states, see Figures 2 and 6 in ref 40, leading to low
the origin. 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 onliganss= 3 x 10° s71 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 § < S electronic

. . o . origins of 2P¥-U, 2PY-T, and 2P¥5-FU are shifted to the blue
(i) Intermolecular singlettriplet transfer: This is a highly of the A origin of 2PY bydv = Do(S1) — Do(So) = 1050

spin-forbidden proces$.It has only been conclusively observed 1154 11 Electronic excitation lowers the State dissociation
for quenchers containing heavy atoms_(Br) with low-lying triplet energy by 3.6-3.3 kcallmol, which is 15% of the PW91,S
T states. The Tand T, states of uracil are lower than the S gia40” issociation energdo(So). Blue-shifts have also been
state of 2PY3 but the absence of heavy atoms in uracil and gpserved for other doubly H-bonded complexes of 2PY, for
thymine also argues against this mechanism. example, (2PY328-31 2PY-2-hydroxypyridine*6! and 2P¥

(iv) Intermolecular singletsinglet electronic energy transfer  2-aminopyridine®® In Figure 7, we plot the PW91 calculated
from 2PY to U, T, or 5-FU as acceptor. This can occur in 2PY  dissociation energieBo(Sy) versus the experimental spectral
X complexes if the Sstate of X lies below that of 2PY. For X blue-shiftsdv. With the exception of the (2PYimer, which
= HyO, NH;, and the corresponding = 2 clusters, the S exhibits exciton splittings of its $S, states, the spectral shift
electronic states are higher than thestte of 2PY. For X= scales nearly linearly witlDy(Sy). According to this plotov
2-hydroxypyridine and 2-aminopyridine, the S S, excitations extrapolates to zero dDo(Sp) = 12.9 + 0.1 kcal/mol. This
in the gas phase are experimentally known to lie at 36436 implies that the observed decrease of dissociation energy upon

AT |
i T 2PY2HP 1
18+ \‘?5 —

A9 .

Theoretical DOI kcal/mol

(i) Increase of intersystem crossing (sensitized ISC) within
the 2PY molecule. This process is mediated by heavy atoms
that contribute sufficiently large spirorbit coupling matrix
elements (external heavy atom effect). Neither U, T, nor 5-FU
contains any such atoms, refuting this mechanism.
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electronic excitation is a nearly constant fraction of a part of the calculated dissociation energy is approximately the same.

the ground-state binding energy. Fluorination at C5 leads to an increase of the stretching force
In hydrogen-bonding solventssr* transitions typically shift constant by 7.4% and an increaselnf by 2.5%.

to lower frequency upon H-bond formation, while*ntransi-

tions shift to the blué? Large blue-shifts upon solvation are Acknowledgment. This work was supported by the Schweiz.

also typical for Rydberg transitions, due to repulsion of the large Nationalfonds (proj. no. 2000-68081.02) and by the Centro
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transition of 2PY is azzt* transition by all experimental criteria,

that is, in-plane transition dipole moment, large high oscillator ~ Supporting Information Available: Table of the B3LYP/

strength, and short excited-state lifetin?80.56.57While the 6-311++G(d,p) and PW91/6-31#+G(d,p) ground-state vibra-

spectral blue-shifts might be due to mixing of a low-lying*n tions. This material is available free of charge via the Internet

state with thezsn* S; state, we consider the mixing with a  at http://pubs.acs.org.

Rydberg-typero* state to be more probable. The important
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