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The nucleobases uracil (U) and thymine (T) offer three hydrogen-bonding sites for double H-bond formation
via neighboring N-H and G=0 groups, giving rise to the WatseiCrick, wobble and sugar-edge hydrogen

bond isomers. We probe the hydrogen bond properties of all three sites by forming hydrogen bonded dimers
of U, 1-methyluracil (1MU), 3-methyluracil (3MU), and T with 2-pyridone (2PY). The mass- and isomer-
specific § — S vibronic spectra of 2P¥J, 2PY-3MU, 2PY-1MU, and 2P¥T were measured using UV

laser resonant two-photon ionization (R2PI). The spectra of the WatBock and wobble isomers of
2PY-1MU were separated using JMJV spectral hole-burning. We identify the different isomers by combining
three different diagnostic tools: (1) Selective methylation of the uracit Ngroup, which allows formation

of the sugar-edge isomer only, and methylation of the-NIgroup, which leads to formation of the Watsen

Crick and wobble isomers. (2) The experimentat-SS, origins exhibit large spectral blue shifts relative to

the 2PY monomer. Ab initio CIS calculations of the spectral shifts of the different hydrogen-bonded dimers
show a linear correlation with experiment. This correlation allows us to identify the R2PI spectra of the
weakly populated WatserCrick and wobble isomers of both 2RY and 2P¥T. (3) PW91 density functional
calculation of the ground-state binding and dissociation enefgieadD, are in agreement with the assignment

of the dominant hydrogen bond isomers of 2BY 2PY-3MU and 2P¥T as the sugar-edge form. For
2PY-U, 2PY-T and 2P¥1MU the measured wobble:Watse@rick:sugar-edge isomer ratios are in good
agreement with the calculated ratios, based on the ab initio dissociation energies and gas-phase statistical
mechanics. The WatserCrick and wobble isomers are thereby determined to be several kcal/mol less strongly
bound than the sugar-edge isomers. The 36 observed intermolecular frequencies of the nine different H-bonded
isomers give detailed insight into the intermolecular force field.

I. Introduction uracil-thymine and uracib-fluorouracil nucleic acid base pairs
overned that occur in natural or synthetic RN& 13 We have found

by a balance of noncovalent energies, e.g., stacking andthat _the;;hbmd V'a"trée NiH dgnor_ gromg:r) of U, T (?[L S'I:U'
hydrogen bond energies, as well as the constraints imposed b)jormlr;?:. € Sg_ﬁ‘ € suggr-SN%e ISSEN:QEW&;S € top

the molecular backbone, interaction with solvent water mol- r(;\;\;]o |g.ur.3. ) ovvlev%r, n aln lat d?h gr?ﬁps
ecules and ions, thermal averaging and by collective vibrational ©' '€ PYNMICINE NUCIEODASES are glycosylated, Nence, In€ sugar-

modes. The interplay between these factors is complex andg_d?e _|so|r|ners| do ?c:,tv C;CCUI‘CII_’I kthe db|olotg)]t|)c|al_context. The
difficult to separate into specific contributions. To gain a detailed :0 ogically rte gvzn twa soft hrkl)c an _"Hwo O=eCISr$ n(]ers are
understanding of the individual contributions to the binding also connected by two neighboring ydrogen

energy, it is necessary to remove the nucleobase pairs from theirbondS; see Figure 1. However, in the gas phase they have been

biological environment and study the pairwise interactions in _calculated to be 35 kcal/mol less stable th‘?‘” the sugar-edge
the gas phask? isomers? In the crystal structure, the uracil molecules form

The uracil and thymine dimers-U and TT can exist in centrosymmetric dimers with two N3 ---O=C4 hydrogen

eight different doubly H-bonded configurations, which have PONdS” as in the WatsonCrick dimer shown in Figure 1d.
been previously studied by molecular mechanics and ab initio I this work, we investigate the Watserick, wobble and
theoretical investigations:® Because 2-pyridone (2PY; see Sugar-edge binding sites of uracil and thymine by forming
Figure 1) offers onlytwo H-bonding groups compared to four ~doubly hydrogen-bonded complexes to 2-pyridone (Figure 1),
in U and T, the number of different H-bonded isomers is USing a combination of three diagnostic tools:

restricted to three for the nucleobase dimer mimics 2-pyridone (1) Methylation studies employing 3-methyluracil (3MU),
uracil (2PY:U) and 2-pyridonghymine (2P¥T) investigated ~ Which can form only the sugar-edge complex with 2PY, as
in this work. Furthermore, because 2PY is sufficiently long- shown in Figure 1b, and 1-methyluracil (1MU), which can form
lived in the S excited state, these dimers are accessible to both the WatsorCrick and wobble complexes, as shown in
resonant two-photon ionization (R2PI) spectroscopy, whereasFigure 1d,e. For the latter, the isomers are separated by UV
the dimers of uracil and thymine have extremely short excited- UV hole-burning. Methylation studies on nucleobase pairs have
state lifetimes and exhibit broad, and unstructured R2P| previously been employed in molecular-beam studies on cy-

The structure of duplex DNA in aqueous solution is g

spectré—8 tosine and adening: 18
We have recently investigattd?PY-U, 2PY-T and 2- (2) Comparison of the experimental and ab initio calculated
pyridone5-fluorouracil (2P¥5FU) as mimics for the (urac) spectral shifts of the S S electronic origins. As we show
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TABLE 1: Ground-State Binding Energies De, Dissociation EnergiesDo, Basis Set Superposition Errors BSSE, and
Excited-State Dissociation Energie®q(S,) of the 2PY-3MU1, 2Py-1MU2, and 2PY-1MU3 Dimers Calculated at the PW91/

6-311++G(d,p) LeveP

sugar edge WatserCrick wobble
isomer Ul T1 3MU1 u2 T2 1MU2 UK} T3 1MU3
D«(S) —20.7 —20.5 —20.5 —16.7 —16.4 —16.8 —15.3 —15.5 —15.0
BSSE 0.9 0.9 0.8 0.9 0.9 0.8 0.9 0.9 0.9
Do(S) —19.8 —19.6 —19.6 —15.8 —15.7 —16.2 —14.6 —14.8 —14.2
Do(S1)P —16.7 —16.6 —16.7 —-13.7 —13.7 —-14.1 —12.5 —12.7 —-12.3
AG? 0.0 0.0¢ 3.3¢ 3.59 0.C° 4.5r 4.37 1.58

isom

a2The analogous values of the corresponding isofn&r&@PY-U and 2P¥T are given for compariso.From Do(Sp) and the experimental shift
of the (8 transition.¢ Relative to U1,T = 513 K. 9 Relative to T1,T = 483 K. ¢ Relative to 1IMU2,T = 433 K.
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Figure 1. Structures of the sugar-edge dimers (a) 2-pyridoraeil
(2PY-U1), (b) 2-pyridone3-methyluracil (2PY3MUL1), (c) 2-pyridone
thymine (2P¥T1), (d) the WatsorCrick (2PY-1MU2), and (e) wobble
(2PY-1MU3) isomers of 2-pyridond-methyluracil. The sugar-edge,
Watson-Crick, and wobble isomers are denoted by the suffixe8,1
respectively.

below, CIS calculated spectral shifts correlate very well with
the experimental shifts.

(3) PW91 density functional calculations of the dissociation
energieDy of the different hydrogen-bonded isomers.

All three diagnostic criteria are in full agreement with each

reproduced using excited-state configuration-interaction (CIS)
ab initio calculations.

A total of 36 hydrogen bond vibrational frequencies of the
sugar-edge, WatsetCrick and wobble isomers of 2PY,
2PY-T, 2PY-3MU and 2P¥1MU are determined in the;S
excited state. In combination with the CIS ab initio calculations,
these reveal fundamental properties of the intermolecular force
field around uracil and the methyluracils, free of other inter-
actions.

The simultaneous observation of the Wats@rick and
wobble hydrogen bond isomers in the spectrum of 2BfU,
and of the sugar-edge, Watse@rick and wobble isomers of
2PY-U and 2P¥T, allows us to determine the corresponding
relative free energies of isomerizationG. . These can be
compared to theAG,, values obtained from the density
functional PW91 calculations combined with gas-phase statisti-
cal mechanics.

Il. Theoretical Methods and Results

Figure 1 shows the most stable hydrogen-bonded isomer
structures of 2PYU, 2PY-1MU, 2PY-3MU and 2P¥T (see also
Table 1). These dimers involve two neighboring antiparallel
N—H---O=C hydrogen bonds. There are analogous
C—H---O=C hydrogen-bonded structures that are, however,
much less strongly bouriet® Thez-stacked dimers are expected
to be bound byDe ~ —10 kcal/mol, similar to the calculated
stacking energy of (uracyly-2°

The minimum-energy structures, binding energizsand
harmonic vibrational frequencies were calculated using the
PWO91 density functional and the 6-3t+G(d,p) basis set for
the electronic ground states. The doublyN---O=C hydrogen-
bonded isomers of 2PY and 2P¥T have been previously
investigated at the same leveNo symmetry restrictions were
used and all isomers converged to planai@ygymmetry). The
calculated binding energi€X and dissociation energi€ are
compiled in Table 1. The basis set superposition errors (BSSE)
are also listed for completene®<? Vibrational normal coor-
dinate calculations were performed for all dimers. Table 1 also
gives the free energies of isomerizationG? ., at the experi-
mental temperatures of the molecular-beam nozzle for the three

other. On the basis of the comparisons, we are able to detecty;arg 2PYU, 2PY-1MU, and 2P¥T. These refer to the most

and confidently assign the Watseg@rick and wobble isomers
of 2PY-U and 2P¥T, which are formed at thez1% level in

the gas phase. These comparisons also prove the correctness ¢f

our previous assignment of 2RPY and 2P¥T as the sugar-
edge isomer8.

stable isomer, i.e., the sugar-edge for 2B¥and 2P¥T and

the Watson-Crick isomer for 2PY1MU. The isomerization
ermodynamics are discussed in more detail in section IV.3.
In the following, the suffixes +3 label the sugar-edge,
Watson-Crick and wobble isomers, respectively.

For all of these doubly hydrogen-bonded dimers, we observe  3-Methyluracil can form only the sugar-edge isomer 3MU1;

that § — S electronic excitation of the 2-pyridone moiety
decreases the intermolecular interaction strength-b$ Rcal/
mol, a~15% decrease of the total hydrogen bond dissociation

see Figure 1b. At the PWO91 level, the 3MU1 isomer has a
binding energy ofDe = —20.5 kcal/mol and a dissociation
energyDo = —19.6 kcal/mol. TheD¢'s andDg's of the sugar-

energy. These decreases are explained and quantitativelyedge isomer of 2P¥T (denoted T1) are identical and that of
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TABLE 2: Theoretical S; State Vibrational Frequencies (in cnt?) Calculated for the 3MU, 1MU2, 1MU2, and the U1 and T1
Dimers, Calculated with the CIS Method Using the 6-31G(d,p) and 6-34)G(d,p) Basis Sets
sugar edge WatserCrick wobble
isomer Ul T1 3MU1 Uz T2 1MU2 (OK] T3 1MU3
CIS/6-31G(d,p)
Intermolecular Vibrations

buckleps’ 19.1 174 188 194 188 172 185 166 181
propeller twistt’ 439 416 395 365 329 331 362 356 358
staggen’ 613 594 595 637 620 580 635 576 614
openinge’ 778 699 725 709 674 64.3 711 645 678
shearing’ 820 879 895 853 843 845 858 848 848
stretcho’ 1285 1264 1228 1246 1124 1231 1213 12Q2 1108
Intramolecular Vibrations
2PY butterfly defu’ 90.0 797 784 799 796 76.0 8038 785 802
uracil oop CH torsiont’ 1654 833 1702 782 16992 754

CIS/6-31¢-)G(d,p)
Intermolecular Vibrations

buckles’ 193 175 191 172 189 176 197 170 190
propeller twisto’ 46.8 443 421 398 358 394 395 383 354
staggen’ 66.9 649 644 679 647 702 67.8 613 745
openinge’ 813 729 756 717 753 629 720 690 64.1
shearing’ 89.0 875 898 862 865 865 854 847 855
stretcho’ 1316 1316a 1257 1264 1155 12882 1231 12192 11512
Intramolecular Vibrations
CHjs torsiont’ 164.9 847 1746 772 1700 781
uracil oop deformation 126 1187 1243 1264 1137
2PY butterfly defu’ 1664 1678 1660 1641 1650 1657 1646 1643 1646

aCoupling of o with a uracil out-of-plane ring deformation.

2PY-U (denoted U1l) is 0.2 kcal/mol larger, showing that gas at a backing pressure of 884 bar. 2-Pyridone (Aldrich,
methylation has only a small influence on the hydrogen bond 97%) was placed in a heated (90) stainless steel container
interaction. 1-Methyluracil can form the Watse@rick isomer through which the Ne carrier gas was flowed; the connection
labeled 1MU2; cf. Figure 1d. Its PW91 calculatedis —16.8 tube between the bubbler and the nozzle was held at’@00
kcal/mol, which is 0.1 and 0.3 kcal/mol larger than those 1-Methyluracil (Aldrich, 99%) or 3-methyluracil (Rl Chemical,
calculated for the 2PYJ and 2P¥T Watsonr-Crick dimers U2 99%) were placed in the pulsed nozzle, which was heated to
and T2. On the other hand, formation of H-bonds via—¥8 160 °C for 1MU, 180°C for 3MU, 185°C for thymine, and
and C2=0 gives the so-called wobble dimer IMU3; see Figure 215 °C for uracil?
le. Its PW91 calculate®, is —15.0 kcal/mol, respectively, Mass-selected two-color resonant two-photon ionization{2C
which is 0.3 and 0.5 kcal/mol smaller than those calculated for R2pI) spectra were measured in the region 30-G81500 cnt
the 2P¥U and 2P¥T dimers U3 and T3. by crossing the skimmed supersonic jet with the unfocused UV
In summary, the sugar-edge dimers are about 4 kcal/mol moreexcitation and ionization laser beams brought to spatial and
stable than the WatserCrick dimers and these in turn are-2 temporal (0.5 ns) overlap in the source of a linear time-of-
kcal/mol more stable than the wobble dimers. The influence of flight mass spectrometer; S- S, excitation was performed by
methylation of uracil at the N1-, N3-, and C5 positions on the g frequency-doubled dye laser at pulse energies of D.&J,
hydrogen bond dissociation energies is small, in the range of pumped by the second harmonic of a Nd:YAG laser. For
+0.3 kcal/mol. ionization the fourth harmonic (266 nm) of the same Nd:YAG
Excited-State Calculations:ull structure optimizations for  |aser was used at energies of 4 mJ/pulse. The ions were
the § states were performed for all dimers and isomers using detected using double multichannel plates. The resulting mass
the CIS method with the 6-31G(d,p) and 6-3)G(d,p) basis  spectra were digitized in a LeCroy LT374 digitizer, averaged
sets. The latter basis set includes diffuse functions on both donorover 64 laser shots and transferred to a PC.
hydrogen atom3’~2° These yielded slightly nonplanar structures  jy—yyv hole-burning experiments were performed using a
(Cy). In which the 2-pyridone moiety is pyramidalized at the second frequency-doubled dye laser pumped by a different
N—H group, the N-H orientation being equatori&k®2’ The frequency doubled Nd:YAG laser (Continuum Surelite 1I). The
propensity to out-of-plane deformation is also reflected in the ,ise energies for hole-burning were-2 mJ/pulse. The

low-frequency out-of-plane 2PY ring deformation mode  temporal delay between the hole-burning and the probe lasers
which is calculated to lie @80 cn ! with the 6-31G(d,p) basis  ;35~100 ns.

set and ak:165 cnt! with the 6-31¢)G(d,p) basis; see Table
2. The calculated inversion barriers to inversion at the N atom
are very low, 0.03 kcal/mol for 3MU and 1MU2 and 0.02 kcal/
mol for IMU3.

B. 2-Pyridone-3-Methyluracil. The lowest~700 cn1! of
the two-color R2PI spectrum of 2P3-methyluracil are shown
in Figure 2. The low-frequency intense band at 30 866.9%cm
is assigned as the;S— & origin of the 2PY moiety in the
dimer. The intense bands at 530.7 and 556.9%ane assigned
to thevg andvg in-plane ring deformation vibrations of 2PY.

A. Methods. The 2-pyridonemethyluracil dimers were  The overall structure is quite similar to the 2GR2PI spectrum
synthesized and cooled in a 20 Hz pulsed supersonic expansiorof 2PY-thymine? which is shown in Figure 2b for comparison.
through a thin-walled 0.6 mm diameter orifice, using Ne carrier The R2PI spectrum can be observed up to an excess energy of

Ill. Experimental Method and Results
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Figure 3. (a) Two-color R2PI spectrum of 2-pyridotiemethyluracil.
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Figure 2. Two-color resonant two-photon ionization spectra of (a)

2-pyridone3-methyluracil and (b) 2-pyridornymine. The wavenum- () UV—UV hole-burning difference spectra of the wobble isomer
ber scales are relative to the electronic origins at (a) 30 866:9 cm 1MU3 and (c) of the WatsonCrick isomer 1MU2. The wavenumber

and (b) 30 875.1 cni. scale is relative to theg(band of the IMU2 isomer at 30 517.6 th
The residuals from the subtraction procedure are marke# .by

~1500 cml. UV—-UV hole-burning measurements at the tentatively assigned these excitations in terms of Bieotigin,
electronic origin show that the entire spectrum is due to a single which lies 95 cm® above theA origin in bare 2PY2829The B
isomer. origin has been interpreted as being due to a nonplanar excited-
Given the calculated planarity of the dimer in the s$ate, state conformer with a pseudoaxial orientation of theHN
near-planarity in the Sstate, and the in-plane orientation of bond?® We speculate that this conformer origin is shifted from
the § <= S electronic transition in the 2-pyridone moiefy, +95 to about+178 cnt! by the double hydrogen bond
we expect the in-plane intermolecular vibratioms i Cy) to formation in these dimers.
dominate the spectrum. We assign the excitation at 80 ¢m C. 2-Pyridone-1-Methyluracil. The two-color R2PI spectrum
the opening fundamental', predicted at 72.5 cnt by the CIS/ of 2PY-1MU is shown in Figure 3a. At the low-frequency end,
6-31G(d,p) calculation. The slightly weaker band at 88 tis a band of medium intensity is observed at 30 517.6cm
assigned to the shearing moglecalculated at 89.5 cnt. The followed by a 5 times stronger band 32.2 cinto the blue.
intense band at 135 crhcorresponds to the' hydrogen bond UV—UV hole-burning spectra taken with the detection laser
stretch, calculated at 122.8 cfa A progression in this mode  on either band show these to be due to different isomers: The
is observed up to@ at 399 cntt. Many further combination isomer selected spectra obtained by-tWV hole-burning and
and overtone bands are assigned in Table 3. subtraction are shown in Figure 3b,c, respectively. We attribute
The weak transition at 39.0 crhis assigned to the propeller  the more abundant isomer to the Wats@rick isomer 1MU2
twist ' fundamental. The weak band at 125.3 ¢ris assigned and the other to the wobble isomer 1MUS3, cf. Figure 1d,e; see
as the overtone of the stagger vibratiodi,an analogy to the also the discussion below. The band positions and assignments
spectra of 2PYT Figure 2b and of 2P in ref 9. The resulting are compiled in Table 3.
fundamental frequency of 62.7 crhis in good agreement with In the R2PI spectrum of the WatseRrick isomer, Figure
the CIS calculations. 3c, the weak band at 18 crhis assigned to the buckle vibration
At 178.9 cnT! a medium strong band is observed that cannot ', on the basis of the CIS/6-31G(d,p) frequency of 17.2&m
be an intermolecular fundamental, because its frequency isand its weakness, appropriate for an out-of-plane fundamental.
higher than that of the H-bond stretch. On the other hand, its An analogous3’ excitation is clearly observed at 18 chin
intensity is too high for it to be a combination or overtone. Built the spectrum of 2PXhymine? see Figure 2b. The weak band
on this state are combinations with the intermolecular vibrations at 37 cnT?! is assigned to the propeller twigt The frequency
o' at 257 ando’ at 312 cml. We have previously observed is in good agreement with the CIS/6-31G(d,p) value of 33.1
analogous bands in theg S- S spectra of 2PYU, 2PY-T and cm™1, and its intensity is similar to that of ti# bands of 2PY
2PY-5FU at 178.2, 178.4 and 177.0 chk respectively’. We 3MU at 39 cnt! and of 2P¥T at 41 cntl.
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TABLE 3: Experimental S; State Vibrational Frequencies (in cnt?) of 2-Pyridone-3-Methyluracil, 2-Pyridone-1-Methyluracil
Isomers 1MU2 and 1MU3, 2-PyridoneUracil, and 2-Pyridone-Thymine

2-pyridone3-methyluracil

2-pyridonel-methyluracil

2-pyridoneuracil

2-pyridonethymine
T1

3MU 1MU2 1MU3
B 182 176
0 390 368 450 409
' 797 655 67.6 822 726
20" 754 833
Ve 87.6 898 808 862 890
0 + 0 107.1 1104 1077
o' +0 1205 1024
20" 1253 1221 1141 1293 1268
o 1347 1395 1241 1417 1401
o'+ 26' 1534 1575 1565
20" 1579 1307 1345 1644 1455
o' +y 1635 1547 1541
B 1789 1737 1691 1782 1784
o' +0 2113 2049 1904 2224 2108
¥ +o 2220 2200 2034 2279 2281
3o’ 2359 1946 245.0 218
B+ o' 2565 2398 2356 2585 2508
B+y 2663 2610 2655
20 2684 2768 2468 2810 2783
20"+ 0 2869 2693 2558 3037 2832
2y + o 3039
B+ o 3119 3126 2914 3166 3158
oy 3239 2914
B+ 2w’ 327.7 2991 3022 3240
o'+ 20 341.7 3420 3115 3603 3473
2B 3543
x' + 20 367.0 3644
30" +0 3852 3548
B+w +o 3855 3769 3572
30 3985 4120 3675 4170 4172
40"+ 0' 4254
B+ 20’ 4429

4634 4628

497.8

o'+ 30 4728 4776 4968
y + 30 4839 5002
40’ 5525
v5(2PY) 5307 5321 5323 5338 5327

5474 5420
vg(2PY) 5569 5561 5555 5567 5495
B+ 30 5728 5642
v5(2PY) + o' 6104 5982 5990 6161 6053
v5(2PY) + i’ 6186
v5(2PY) + o' 6219 6225
vg(2PY) + ' 6397
v5(2PY)+ o’ 6659 6717 6569 6745 6733
vg(2PY)+ o' 6958 6790

The intense band at 66 crhis assigned to the opening/
mode; the CIS/6-31G(d,p) frequency is 64.3 €min good
agreement. This is the lowest frequency observed for any of
the methyluracil dimers. In contrast to the 28¥IU spectrum,
the shear vibratiory' at 89.8 cmi® is very weak. Thev' + y'
combination band is observed at 154.7 émit is unusually
intense due to Fermi resonance with @iestretch level (see
below). The weak band at 122 cfis assigned to the ®
stagger overtone, as for 2P3MU. The strongest R2PI band at
140 cntl is assigned to the' fundamental. Here, the stretch
progression is observable up to’4t 553 cnTl. The medium
strong band at 174 cm is assigned as the 2PY B electronic
origin, as discussed above for 2B¥1U. It combines with the
same fundamentals as th§ 6rigin transition. The intense
bands at 532 and at 556 cfare assigned to the(2PY) and
v5(2PY) intramolecular vibrations of 2PY, which also carry
intense combinations with intermolecular excitations.

In the less intense R2PI spectrum of the wobble isomer
1MU3, Figure 3b, the features at 32 and at 95 €are artifacts
from subtraction of the two hole-burning spectra due to slight
differences of the intensities of the band wings. At 68-¢ihe
intensew’ opening vibration is observed. Thé fundamental
is tentatively assigned to the very weak feature at 81'¢ciout
it may also be hidden under the 95 chsubtraction artifact.
The intense band at 124 cthis assigned to the' stretch
fundamental: this frequency is between 11 and 16 clower
than for the other isomer and the other methyluracils investi-
gated. The overtones are observed@t2246.8 cnt! and 3
= 367.5 cntl. The 2PY B origin is observed at 169.1 tih
slightly lower than in the other spectra. The combination bands
B + o' at 235.6 cm?, B + ¢’ at 291.4 cm! and higher
combinations are also observed. The strong bands at 532 and
at 556 cm! are assigned to thei(2PY) andvg(2PY) intra-
molecular vibrations of 2PY.
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IV. Discussion

A. Assignment of the 2P¥1-Methyluracil Isomers. The

assignments of the spectra in Figure 3b,c as due to the wobble_ ...l

(AIMU3) and Watsor Crick (LMUZ2) isomers, respectively, are
based on the comparisons of the experimental vibrational
frequencies and frequency differences with the CIS/6-31G(d,p)
calculated ones: The' frequency of IMU2 is 65.5 or 2.1 cth
smaller than that of 1MU3. On the other hand, the intermolecular
stretch frequency of 1IMU2 ig’ =139.5 cnt?, which is 15.4
cm™! larger than that of 1MU3. The observed signs and
magnitudes of both vibrational frequency differences are in good
agreement with the CIS calculations with both the 6-31G(d,p)
and 6-31¢)G(d,p) basis sets; cf. Table 2.

Furthermore, the ground-state PW91 calculation predicts the
dissociation energy of the Watserick isomer (1MU2) to
be 2.0 kcal/mol larger than that of the wobble isomer (1MU3).
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These relative energies are in agreement with the previousy_pyridoneX dimers vs the PW91/6-331+G(d,p) calculated dissocia-
assignment based on vibrational frequencies. The observedion energyDo(Sy), where X= 5-fluorouracil (5FU), uracil, thymine,
Watson-Crick:wobble isomer ratio can be shown to be in 3-methyluracil, 2-pyridone, 2-hydroxypyridine (2HP), 1-methyluracil,
quantitatize agreement with calculation if we assume that the Hz0. The sugar-edge, Watsegrick and wobble isomers are labeled
equilibration occurs within the molecular-beam source and that Py the suffixes 3, respectively. The value for# is from ref 33.
the subsequent supersonic expansion simply freezes out this

ratio. The $ — S electronic transition is localized within the

dimer 2P¥-2-hydroxypyridine?>33and the mono- and dihydrate

2PY moiety, and we assume that the oscillator strengths areclusters 2PYH;O and 2P¥(Hz0)..>* In hydrogen-bonding

identical for both isomers. Then, the relative intensities of the
1MU2 and 1MU3 spectra directly reflect the population ratio

solventstr* transitions typically shift to lower-frequency upon
H-bond formation, whereasz* transitions shift to the blué>

of the isomers. The isomer equilibrium ratio in the molecular- Very large spectral blue shifts upon solvation are typical for
beam source can be calculated from the free energy change ofransitions to Rydberg states, due to repulsion of the diffuse

the isomerization 1IMU2~ 1MU3 at the source temperature
T = 433 K. At the PW91/6-311+G(d,p) level and using the
harmonic-oscillator/rigid rotor approximation, the calculated free
energy of isomerization iAG,,, = +1.61 kcal/mol (Table 1).
This converts to a 1IMU2:1MU3 ratio of 6.5:1 &t= 433 K,
very close to the observed ratio of 4:1. We conclude that the
Watson-Crick: wobble isomer ratio is established within the
molecular-beam source and/or very early in the expansion.

If the supersonic cooling in the expansion far downstream
of the nozzle modifies the isomer ratio, it will favor the lower-
energy isomer, i.e.jncreasethe isomer ratio beyond that
calculated, which is in contrast to observation. Furthermore, the
most probable interconversion path of the wobbi&Vatsor-
Crick isomerization involves dissociation of the (2PY)-
N—H---O=C2 hydrogen bond, followed by relative rotation of
the 2PY and 1MU moieties around the remaining (2PY)-
C=0 ---H—N3 hydrogen bond. The barrier for this process is
~8 kcal/mol, and the masses involved in the relative rotation
are large. We expect this isomerization rate to be insignificant
relative to the very rapid cooling in the supersonic jet.

B. Experimental and Calculated Spectral Shifts.The §

— S electronic origins of 2PY complexed to uracil and the
methyluracils are shifted to the blue of the electronic origins of
2PY. We will refer all spectral shifts to th&origin?®2°of 2PY

at 29 831.3 cm. The spectral shift reflects the change of the
H-bond dissociation energies upon electronic excitatfon-=
Do(S1) — Do(Sp); a blue shift corresponds to a lowering D§.
For 2PY-U,° 2PY-T® and 2P¥3MU, the shifts aredv =
+1080.3, +1043.2 and+1035.6 cnt!, respectively, corre-
sponding to decreases of 3:8.3 kcal/mol. The 2P¥YIMU
isomers exhibit considerably smaller shiftdy(1MU2) =
+718.5 cnt! and 0v(1MU3) = +686.3 cn1l, corresponding
to decreases of 2.05 and 1.96 kcal/mol.

Spectral blue shifts in the 560.000 cnt? range have been
observed for other doubly hydrogen-bonded complexes of
2-pyridone, e.g., the self-dimer (2P)2f27:30.31the tautomer

orbitals by the surrounding solvent. We have previously
suggested that the spectral blue shifts of the>S5, transitions

of 2PY may be due to mixing ofsz* with low-lying Rydberg-

type wo* excitations? The role of low-lyingzo* excitations

for the excited-state photophysics and photochemistry of phenaol,
indole and other heteroaromatics has been pointed out by
Domcke and co-worker:37

In Figure 4 we plot the observed spectral shiftsvs the
PW91 calculated ground-state dissociation enerDigSo). In
the limit of no interactiongv must be zero; we have included
this as a condition for the dashed line drawn in Figure 4. The
spectral shift is seen to correlate quite well widg(Sp): The
decrease of dissociation energy upon electronic excitation is
roughly 15% of the ground-state dissociation energy. The
excited-stateDo(S;) values, calculated from the PW®ly(So)
values and the experimental blue shifts are also given in Table
1.

Using the SCF and CIS methods for thea®d S states, we
calculated the adiabaticiS— S transition energies for the
dimers of 2PY with uracil, 1IMU, 3MU, T (5MU), 5-fluorouracil
(5FU), and 2-hydroxypyridine andJ8. As expected for CIS
calculations, the absolute transition energies are too high, in
this case by about 40%. However, the calculated spestiitis
correlate very well with the experimental shifts, as shown in
Figure 5. The regression coefficientris= 0.996 if the linear
correlation is also required to pass through the origin. The
calculated slope is 1.279; i.e., the calculated shifts are about
22% smaller than the experimental ones. In Figure 5 we also
show the spectral shifts calculated with the 6-BJ&(d,p) basis
set, which contains diffuse orbitals on the H atoms of thetN
or O—H groups involved in hydrogen bonding. The correlation
between calculated and observed shifts is much less goed,
0.6911. We note that the two outliers are 2BYiydroxypyridine
and 2P¥H,0, which have hydrogen bonds that are qualitatively
different from the nine other complexes. The calculated shifts
are 33% smaller than the experimental ones.
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Figure 5. Experimental spectral shifts of the 2P¥ dimers vs the 80500 30600 30700 30800 30900
CIS calculated adiabatic spectral shifts, where %-fluorouracil, uracil, Vacuum Wavenumber / cm
thymine, 3-methyluracil, 2-hydroxypyridine, 1-methyluracil angCH Figure 6. R2PI spectra of the WatserCrick, wobble and sugar-edge
The value for HO is from ref 33. The theoretical spectral shifts are isomers of 2PYuracil (Watsor-Crick (f at 30 575.8, wobble at
calculated using the 6-31G(d,p) and the 6-BJ5(d,p) basis sets. 30564.6 cml) and 2P¥thymine (Watsor Crick 08 at 30545.5

The SCF and CIS/6-31G(d,p) calculations also suggest anC¢m*, wobble @ at 30 555.6 cm*. The insets are magnified 10 times.

|nte_rpretat|on of the Spectrg! blue Sh'ftsi Wlth.the 6-(_316(d,p) TABLE 4: Experimental S; State Vibrational Frequencies
basis set, the ;5— S transition of 2-pyridone is dominantly  (in cm-1) of the Watson—Crick and Wobble Isomers of
(93%) an excitation from the HOMO to thez* LUMO, with 2-Pyridone-Uracil and 2-Pyridone-Thymine
a minor excitation from ther HOMO-2 to thes* LUMO +2.
The former excitation involves a transfer mfelectron density - -
from the 2p orbital of the carbonyl oxygen atom to the ring Watson-Crick wobble  Watson-Crick  wobble

. . U2) (U3) (T2) (U3)
m-electron system. This loss of electron density from the 5
carbonyl group leads to a weakening of the=Q:--H—N 0(Si—&) 305758 305646 305455 305556

2-pyridoneuracil 2-pyridonethymine

hydrogen bond upon electronic excitation. CIS calculations with @ 1:733'2 1;%56 1%%% 1%‘298
diffuse basis sets [6-31G(d,p) and 6-31++G(d,p)] predict that gw, 144.6 144.2 137.2 '
the § configuration state function remains dominated by one . 4+ & 209.3 203.4 1925

or two iz* orbitals; however, there are small contributions from
low-lying o* orbitals. In contrast to our previous interpretatfon, cm™! of the calculated values. For 2PF, two origins are
we now conclude that the main effect is due to the* observed at 30 545.5 crhand 30 555.6 cmt, within 7 and 5

excitation and that mixing with low-lying Rydberg-types* cm™! of the calculated values.
excitations plays a minor role. The measured low-frequency intermolecular vibrational ex-
C. Watson—Crick and Wobble Isomers of 2PY-Uracil and citations of the U2, U3, T2 and T3 isomers are assigned in

2PY-Thymine. The excellent correlation between the CIS/6- analogy to the dimers. The assignments and frequencies are
31G(d,p) calculated and observed spectral shifts in Figure 5listed in Table 4 and are in good agreement with the CIS
stimulated us to search for the spectra of the Watgdrick calculated frequencies, given in Table 2.

and wobble isomers of 2PWMracil and 2PYthymine. On the With the PW91/6-31++G(d,p) vibrational frequencies and
basis of the calculateDg values in Table 1, these isomers are rotational constants, the free energy of isomerization for-2PY
expected to be present at low abundance. From the CIS/6-31G-uracil at 513 K is calculated to b&G?__ = +3.30 kcal/mol

Isom

(d,p) calculated spectral shifts and with the scale factor for the sugar-edge(UL)> Watson-Crick(U2) andAG{Zom =
determined from Figure 5, we estimate the electronic origins +4.51 kcal/mol for the sugar-edge(U1) wobble(U3) isomer-

of the Watsor-Crick and wobble isomers of 2PV to lie at ization; see also Table 1. These free energy changes correspond
30573 cn1t (U2) and 30 555 cmt (U3) and those of 2PNT to abundances of 3.9% for the Watse@rick and 1.2% for the

at 30 552 (T2) and 30552 crh (T3), respectively. Figure 6  wobble isomer in the molecular-beam source at 513 K. The
shows the spectral regions of the two-color R2PI spectra of 2PY measured electronic origin intensities are 4:20.25% (U2)

U and 2P¥T about 400 cm! below the intense 8)bands of and 1.2+ 0.25% (U3) of the U1 electronic origin; see Figure
the sugar-edge isomers U1l and T1. Two weak and close-lying 6. The RMS background noise level is taken as the uncertainty.
band systems are indeed observed: For-2Pio origins are The calculated and measured isomer ratios are seen to agree
observed at 30 575.8 crhand 30 564.6 cmt, within 3 and 10 within the experimental error.
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For the 2-pyridonghymine isomerization, the calculated
isomerization free energy at 483 K isG2 . = +3.59 kcal/

isom
mol for the sugar-edge(T1)y Watsonr-Crick(T2) isomerization.
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Figure 8. S; state experimental pseudo-diatomic harmonic stretching
force constantk, of the 2P¥X dimers vs the excited-state dissociation
energyDo(Sy).

method underestimates the curvature of the PES along the
stretching coordinates but does so in a systematic way. The
extension of the basis set by the diffuse orbitals on the
H-bonding hydrogen atoms increases the frequency b§ 2
cm L,

(i) The ' propeller twist and)’ stagger vibrational frequen-
cies show a smooth decrease on going from left to right, i.e.,
from the sugar-edge to the wobble isomers.

(iii) The out-of-plane buckle vibratio’ and the in-plane
sheary’' modes show very little dependence on either the isomer
or degree of methylation, in both theory and experiment.

(iv) The ' opening frequencies generally decrease on going
from left to right. However, for the sugar-edge and wobble
isomers, the frequency varies rather erratically depending on

This leads to a calculated abundance of 2.4%, in acceptablewhether the methyl group is at the 1-, 3- or 5-position. For the

agreement with the measured abundance of 4.0.25%.

stretching frequencies, the effect is similar but typically has the

Alternatively, we can convert the observed concentration ratio opposite sign, i.e., whea' is unusually low,¢’ is high. This

at 483 K to an experimental isomerization free eneAg3’, .,

= 4.1 4+ 0.3 kcal/mol. For the sugar-edge(T+) wobble(T3)
isomerization we calculatAG? ,, = +4.37 kcal/mol, leading
to a predicted abundance of 1.0% for T3. This is in good
agreement with the measured concentration ratio of 0.7

indicates that the frequency changes are due to coupling between
these two in-plane modes.

From the stretching frequencies, one can deduce the; S
state H-bond stretching force constakisusing the pseudo-
diatomic harmonic oscillator mod@f8-33:38The reduced mass

0.25%. The observed isomer ratio yields an experimental 4 for the dimers of 2PY involving the methyluracils js =

AG?

Isom

= 4.8+ 0.5 kcal/mol.

54.21u. The force constants (in N/m) are then calculated to be

The good agreement of the calculated and experimental k» = 58.0 for 3MUL1, 62.2 for 1MU2, 49.2 for 1MU3, 58.8 for

isomer ratios, both in this section and for 2R¥IU in section

U2, 55.7 for U3, 51.0 for T2 and 58.1 for T3. In Figure 8 we

IV.A, support the previous assumption that the isomer ratios Plotky vs the excited-state dissociation enebgys,), including
are established within the molecular-beam source or early in the previously determined stretching force constants for U1, T1
the high-temperature, high-pressure zone of the expansion. Anyand 5FU? Although theDo(S) lies within 0.5 kcal/mol for all

later modification induced by the jet expansion would lower

isomers bound through the same site, their force constants

the concentrations of the less stable Watson-Crick and wobbledisperse over:8 N/m for the four sugar-edge isomers11
isomers, which would increase the apparent experimental N/m for the three WatsonCrick dimers and~9 N/m for the

AGL .
upper limits forAGZ .,

D. Intermolecular Vibrations. The experimentally observed

Hencel the values g|ven above should be regarded asthree wobble dimers. These differences show that the Stretching

vibrations cannot be simply mapped onto pseudo-one-dimen-
sional vibrational motions. Although for the three uracil isomers

intermolecular vibrational frequencies of the nine observed there is a monotonic trend of force constant as a function of

isomers of the four different 2P¥methyl)uracil dimers are
compared in Figure 7 to the CIS/6-31G(d,p) and CIS/6+34(

G(d,p) calculated frequencies. The respective sugar-edge, OV, A ¢ .
p mass distribution of the uracil moiety and hence on the stretching

Watson-Crick and wobble isomers are grouped together; eac
group follows the sequence uraecthymine-methyluracil.
Several interesting trends and features are apparent:

(i) In general, the agreement of the observed and calculated

frequencies is very good, with the exception of tiestretch
vibrations. However, the latter frequencies argformly too
low by 10-14 cnt! or 7-10%. This implies that the CIS

dissociation energy, for 1-, 3- and 5-methyluracil, the derived
force constants do not change systematically as a function of
Do. Obviously, the methylation has a considerable effect on the

vibrational eigenvectors and frequencies, which results in
unsystematic changes of the pseudo-diatomic force constants.
V. Conclusions

In this work we have probed the sugar-edge, Watd0rick
and wobble hydrogen-bonding sites of uracil and 1-, 3-, and
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