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IR Spectroscopy of Isolated Neutral and Protonated

Adenine and 9-Methyladenine

Gydo C. P. van Zundert,” Sander Jaeqx,” Giel Berden,” Joost M. Bakker,”
Karl Kleinermanns,® Jos Oomens,*™ < and Anouk M. Rijs*®

IR spectroscopy is employed to study isolated adenine and its
derivative 9-methyladenine in both their neutral and protonat-
ed forms. The IR spectra of neutral adenine and 9-methylade-
nine are measured in a molecular beam expansion via IR-UV
ion-dip spectroscopy in the 525 to 1750 cm™' region. For ade-
nine, UV excitation selects the 9H tautomer to give a confor-
mer-selective IR spectrum. For 9-methyladenine, only one tau-
tomer exists because of the methyl substitution at the N(9) po-
sition. The experimental spectra agree closely with spectra
computed for these tautomers at the B3LYP/6-311 + + G(df,pd)
level of theory. These spectra complement previous tautomer-

1. Introduction

Owing to their biological importance, numerous experimental
and theoretical studies have been devoted to the unraveling
of the structural and photophysical properties of the individual
nucleobases. In addition to its role as a nucleic acid building
block, adenine and its derivatives are of interest in various
other biochemical processes. For example, it is the main com-
ponent of the energy-storing molecule adenosine triphosphate
(ATP). In addition, its high photostability under UV irradiation is
an intriguing property that has been suggested to be essential
for the preservation of genetic information.” Furthermore, the
various tautomeric forms of adenine have been under substan-
tial scrutiny,®'” because of their proposed role in mutagenic
and carcinogenic processes.!""'?

To understand the fundamental principles behind its stability
and the preference for certain tautomers, much effort has
been devoted to the study of isolated adenine and its deriva-
tives. Calculations at different levels of theory consistently
showed 9H-adenine to be the most stable tautomer, followed
by the 7H tautomer (see Figure 1), which is around 35 kJmol™
higher in energy.®” %8 Some of the first IR spectra of ade-
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Figure 1. Chemical structures and atom numbering for the two tautomeric
structures of adenine. For 9-methyladenine the N(9) position is blocked
which inhibits tautomerization.
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specific IR spectra in the hydrogen stretching range. The 9H-
adenine spectrum obtained is compared to a previously re-
corded FTIR spectrum of adenine at 280 °C, which shows close
agreement, although the 7H tautomer cannot be excluded
from contributing. Protonated adenine and 9-methyladenine
are generated by electrospray ionization and studied via IR
multiple-photon dissociation (IRMPD) spectroscopy. Compari-
son of the experimental spectra with computed spectra allows
identification of the protonation site, which suggests that the
1-9 tautomer is the dominant contributor to the spectra.

nine recorded in low-temperature inert gas matrices in the 400
to 4000 cm™' range date back to 1985." This study was ex-
tended by Nowak et al., who compared the experimental spec-
tra with calculated IR frequencies at different levels of
theory.””%%2 |t was concluded that the absorption was due to
the 9H tautomer.

Adenine in the gas phase has been studied by ultraviolet
photoelectron spectroscopy,”® microwave spectroscopy,”” IR
spectroscopy in a heated gas cell,” jet-cooled resonance-en-
hanced multiphoton ionization (REMPI) spectroscopy,”®* and
IR-UV ion-dip spectroscopy.”®?? In all of these studies, only
the 9H tautomer was observed. However, based on compari-
son with jet-cooled IR-UV ion-dip spectroscopy in the NH
stretching region and deuteration techniques, Plitzer et al.
suggested that the FTIR spectrum recorded in a gas cell at
280°C contains a significant proportion of the 7H tautomer.”*”
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Isolated 9-methyladenine, in which the N(9) position is sub-
stituted with a methyl group, has been experimentally investi-
gated by numerous techniques, such as IR absorption spec-
troscopy in a low-temperature gas matrix,"'” REMPI spectrosco-
py,?” and UV absorption in helium nanodroplets.*” In addition,
calculated vibrational spectra of the electronic ground state
have been reported at several levels of theory.!>3"

Since protonation can lead to structural changes and to
proton-transfer-induced mutations, many experimental and
theoretical studies have been carried out on protonated ade-
nine in the gas phase to investigate changes in its photochem-
ical and photophysical properties.?*? A combined experimen-
tal UV photofragmentation and theoretical study by Weinkauf
et al. suggested protonation of 9H-adenine at the N(1) site (1-
9-adenine).?¥ Single and multiphoton UV-induced dissociation
studies followed up on this.*¥ The fragmentation patterns
were similar to those obtained by collision-induced dissocia-
tion mass spectrometry, thus suggesting a statistical fragmen-
tation process.®® Very recently, UV-excitation-induced photo-
fragmentation of protonated 1-9-adenine and 3-9-adenine was
investigated.®? Both tautomers exhibited rather similar frag-
mentation patterns and the fragmentation rate was similar for
all fragments. IR multiple-photon dissociation (IRMPD) spec-
troscopy in the NH stretching region has been used to eluci-
date the structure of the protonated adenine dimer.*® By com-
paring the experimental and calculated IR spectra, two domi-
nant conformations were found.

Herein, we present the IR-UV ion-dip spectra (525-
1750 cm™') of adenine and its 9-methyl derivative with the UV
laser tuned to the m—m* transition at 36106 and 36141 cm™’,
respectively.”*? To investigate the protonation site of adenine,
the IRMPD spectra of protonated adenine (AH") and 9-methyl-
adenine (9-MAH™) are obtained in the 1000 to 1750 cm™
range. To elucidate the tautomeric structure, the experimental
IR spectra of both the neutral and protonated species are com-
pared to computed harmonic vibrational frequencies at the
B3LYP/6-311 ++ G(df,pd) level of theory, which is known to
give good results for adenine.’”” Furthermore, the measured
spectrum of neutral adenine is compared to that observed in a
heated gas cell by FTIR spectroscopy,” in order to discuss the
possible presence of 7H-adenine.

2. Results and Discussion
2.1. IR-UV lon-Dip Spectroscopy

Figure 2a displays the IR absorption spectrum of adenine
taken with the UV excitation laser fixed on the m-mt* transition
at 36106 cm™'. The IR spectrum obtained in the range from
500 to 1750 cm™' shows a number of clear resonances, the line
widths of which are mainly determined by the spectral resolu-
tion of FELIX (see Experimental Section). Fixing the UV excita-
tion to other vibronic bands in the REMPI spectrum in the
spectral range of 36050 to 36250 cm ™' reveals IR spectra with
exactly the same frequencies and relative intensities.

Figure 2c and d show the theoretical spectra of 9H- and 7H-
adenine, respectively. The calculated frequencies are scaled
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Figure 2. a) IR-UV ion-dip spectrum of adenine with the UV laser fixed on
the 36106 cm™' transition previously assigned to the 9H tautomer. b) FTIR
spectrum of adenine at 280 °C taken from Plutzer et al.; the IR-UV ion-dip
spectrum of the 9H tautomer of (a) is shown as a gray silhouette. c,d) Calcu-
lated spectra of 9H-adenine (c) and 7H-adenine (d). The intensities in the
spectral regions below about 1550 cm™ are enlarged.

with a factor of 0.983 and convoluted with a Gaussian function
mimicking the spectral profile of FELIX. General comparison of
the experimental and theoretical spectra over the entire spec-
tral range scanned shows that the theoretical spectrum of 9H-
adenine resembles the measured spectrum more closely than
that of 7H-adenine.

The strongest band in the IR spectrum found at 1630 cm™
is associated with the NH, in-plane scissorlike bending vibra-
tion. The low-frequency shoulder of this resonance at
1603 cm™' originates from the in-plane bending vibration of
the N(9)-H group. The vibrational resonances at lower wave-
numbers can be roughly divided into two classes: in the
energy region between 1000 and 1500 cm™', vibrations can be
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characterized as in-plane skeletal modes, whereas the region
below 1000 cm™ contains mainly vibrations of an out-of-plane
nature, involving both hydrogen-bending and skeletal motions.

A comparison of the experimental peak positions with the cal-
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culated frequencies is given in Table 1, and shows that the cal-
culated spectrum of 9H-adenine is in very good agreement
with the experimental spectrum.

Table 1. Measured IR-UV ion-dip frequencies and assigned computed modes of 9H-adenine and 9-methyladenine. For completeness, the 7H-adenine fre-
quencies are presented as well. The peak positions are given in cm™.
9H-adenine 7H-adenine 9-methyladenine
IR-  Calc® Mode description® Calc.®”!  Mode description™ IR-  Calc®  Mode description®
uv uv
1630 1625 8, NH,, v(Cs—Cq), V(Cs—N,) 1631 8,.NH,, v(Cs—Ce), SN,H 1632 1627  8,4NH,, V(N;—Cy), V(Cs—Cy), V(Ce—Ng)
1603 1604  v(N;—C,), v(Cs—Cg), V(IN,—Cg), SNoH, 8C,H 1609 8, ,NH, 1599 1593 8,4 NH,, V(N,—Cg), V(N;—C,), v(Cs—C),
0CgH, defCH,
1588 1578 O.issNH,, OC,H 1559 O4cissNH,, VIN;—Cy), V(N;,C,), 1579 O.issNH,, V(N;—C,), v(C,—Cs)
OC,H
1515 1515 1507 O.issNH,, 0CgH, v(Cs—Ce), VIN,—Cg),
v(Ng—C,), defCH,
1491 1498 8, NH,, v(N,—Cy), dCeH 1502 ONgH, v(C—Cy), SN,H, SCgH, 1490  defCH,
V(Cg—Ny)
1476 1476  SC,H, 8,4 NH,, 8CgH, SNoH, V(N,—Cy), 1477 8CH, v(IN,—Cy), SNgH, SN,H 1470 1473 8., NH,, 8C,H, v(C,—N), defCH,
V(C—N;3), v(Cs—Ng)
1467 1450 1456 defCH,
1413 1408  8C,H, V(C,—Cs), V(Ce—Ng), V(C,—No), dNgH, 1392 8N,H, v(N,—~Cy), SCgH 1429 1439 defCH,, V(N,—Cg), 8CgH, V(Cs—N,)
SCgH, ONoH
1383 1388 ONoH, 8C,H, v(C,—N,) 1364  SC,H, v(C,~Cs), dCgH 1414 1415 defCH,, 8NGH, v(Cs—Ng), SCH,
V(Cs—Ny), v(N,—Cg)
1338 1340  dC,H, ONgH, dCgH, dNGH, v(Ce—Cy), 1354 OCgH, dyissNH,, V(C,—No) 1369 1369  OC,H, v(Cs—Ng), v(C,—Cs)
V(Cs—Ne)
1323 1333 Vv(N,—C,), V(Cs—N,), v(C,—Cy), 8C,H, 8CH, 1330 SC,H, dNH 1345 1341 8,4 NH,, 8ye6-1ing, 8ye5-ting, defCH,
ONgH
1281 1302 v(N—G,), (C,—N,), V(Cs—Cy), V(Cs—N,), 1284 8,,4NH,, 84,6-ring 1327 1336 OC,H, v(Cs—N,) V(N,—C,), V(Cg—Ns),
OC,H, dNH OCgH, defCH,
1239 1247 8CgH, SNGH, dC,H 1265  8CgH, 8C,H, SNgH, SN,H 1292 1307 8,0aNH,, Suu6-ring, SCeH
1233 1268
1224 1221 8.4NH,, SGH, 8CH, VIN,—C)), V(C—N;), 1212 8,04NH,, SN,H, 8CgH 1256 1254 8,4 NH,, v(N,—C,), SCH, v(C—N,),
v(Cs—N;,) OCgH
1128 1124 8NgH, SCH, 8CgH, SNoH, v(N,—C,), 1105 8,0aNH,, ONJH, SCH, 8CeH 1232 1241 8CgH, SNGH, SC,H, defCH,
V(C,—Ng), v(Cs—N;)
1059 1062  8CgH, SNoH, v(Ca—No) 1073 8N,H, 8CgH, SNgH 1199 1199 8,,4NH,, 8,,6-ring, V(Cs—N,), V(No—Co),
OCgH
1020 990  §,,NH,, v(N,—Cy), SC,H 1008  §,,NH,, OCH 1136 1131 defCH,
1008 1067 1055  8,,NH, v(C,—N,), defCH,
962  yCH 962  yCH 1036 1041 8,,NH,, 8CgH, V(Ce—No), defCH,
928 928 O4ef5-ring, V(C,—Cs), ONgH, V(N,—Cy), dC,H 930 Ogef5-1ing, v(C,—Cs) 1000 984 O0cNH,, V(N;—C¢), OC,H
885 884  846-fing, V(C,—No), V(C—N,), 8CeH, SNGH, 877 84e6-ring, V(C,—Ny), 976
SNGH V(Cs—N,), 8CeH
846 839  yGH 860  yCeH 958 961  yGH
819 895 892 B84e6-1NG, Oge5-1ing, ONGH, SCgH,
rockCH,
804 795 Teef0-1ING, Tye5-1iNG, Y(Cs—Ng) 784 Tye0-1NG, Tyef5-1iNG, 841 838 vCeH
777 800 796 Tye01ING, Tye5-1iNg
732 730 734 Ogef0-1ING, Oget5-1iNg, V(Ng—Co)
717 712 04,6-1ing, O,5-ring, V(Cs—Ng), ONgH 713 d,,6-ring, d,5-ring, 715 718 O4,6-1ing, d,5-ring, rockCH,
v(Ce—Ng), ONgH
689 694
677 674 Y(Ce—Ng), Teef6-1iNG, Tyer5-riNg 687 Tye0-1NG, Tyef5-1iNG, 673 679 Teef0-1NG, Tye5-1iNg, Y(Cs—Ng), defCH,
Y(CeNy)
653 657 Tgefd-1NG, Tyed-riNg 622 Tgefd-1ING, Tye6-1iNG 667
635 640 650 Tye0-1iNG, Tye5-ring, YNgH
608 607 O4ef0-1ING, Ogef5-ring, ONGH 603 Ogef6-1NG, Og4ef5-ring, ONGH 592
587 577 578  8NH,, v(Cs—Cy), 8CeH
565 569 Tge0-1iNG, Tye5-ring, YNH 568 YCH, Tye6-1iNg, Tye5-ring 571
547 553 558 Tye0-1ING, Tye5-1iNg
[a] Calculations performed at the B3LYP/6-311 + + G(df,pd) level of theory. Scaling factor used was 0.982 for adenine and 0.983 for 9-methyladenine. [b] Ab-
breviations: v=stretch; d=in-plane bend; y=out-of-plane bend; t=torsional; sciss=scissoring; rock=rocking; str=stretch; def=deformation. [c] As-
signment based on the calculated anharmonic frequency by Zierkiewicz et al.?”
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The relatively intense band at 587 cm™ is not predicted by
our calculations. The same mismatch with theory is observed
in the low-temperature argon matrix spectrum where a dou-
blet appears at 591 and 583 cm '@ Xue et al. assigned these
bands to the NH, torsion twisting vibration,®” while Santama-
ria et al. attributed them to the NH, rocking vibration.*® Zier-
kiewicz et al. showed that the previous assignments were erro-
neous and agreed with the suggestion made by Nowak et al.
that the doublet does not correspond to a fundamental transi-
tion but probably corresponds to the overtone of the NH,-in-
version mode.”*”! The intensity enhancement of the overtone
is due to the anharmonic nature of the vibrational potential, as
was for instance also found, and discussed in much detail, for
the molecular beam IR spectrum of aniline In line with
these observations we assign the 587 cm™' band to the over-
tone of the NH,-inversion mode.

Computations indicate that 9H-adenine is energetically fa-
vored over the 7H-adenine tautomer by 35 kJmol~'. This fur-
ther confirms that it is the 9H-adenine tautomer that is ob-
served in the experiment, which is also consistent with previ-
ous assignment of the REMPI spectrum and measurements in
the 3 um IR range.”

Figure 2b shows the FTIR spectrum of adenine recorded in a
heated gas cell at 280°C taken from Pliitzer et al.”’ with our ex-
perimental IR-UV ion-dip spectrum of 9H-adenine overlaid as a
gray silhouette. It is clear that the FTIR spectrum in the mid-IR
region closely resembles the IR-UV ion-dip spectrum of 9H-ad-
enine. No additional bands are observed and the relative inten-
sities are very similar, which suggests that the 9H tautomer
dominates the population in the heated gas cell. However, a
substantial contribution of the 7H tautomer, as suggested pre-
viously based on ion-dip spectra in the NH stretching range,
cannot be excluded here, mainly because a 7H-adenine tauto-
mer-specific IR spectrum is not available in the 500-1750 cm™"
region. The low ion signal at the strongest transition in the UV
spectrum of the 7H tautomer at 35824 cm~'" under our ex-
perimental conditions prevented us from recording such a
spectrum. The near-IR FTIR spectrum of adenine resembles
more closely the IR-UV spectrum taken at 35824 cm '[%!
Based on the calculated spectrum for the 7H-adenine tautomer
in the mid-IR region (Figure 2d), a substantial contribution of
this tautomer appears unlikely, judging for instance by the ab-
sence of an absorption around 1555 cm™' in the FTIR spec-
trum. However, the calculated spectrum may not accurately
predict the relative intensities, as is for instance seen by com-
parison of the experimental and theoretical spectra for the 9H
tautomer (Figure 2a and c). The apparently distinct conclusions
based on the IR-UV ion-dip spectra recorded in both the near-
IR® as well as the mid-IR region (presented here) remain some-
what puzzling, though variations in experimental conditions in
the various studies, the possible dissimilar absorption cross
section for the 7H- and 9H-adenine, as well as inaccuracies in
the calculated spectra used to assign the experimental spectra
cannot be excluded.

The IR-UV ion-dip spectrum of 9-methyladenine recorded in
the spectral range from 500 to 1750 cm™' at the 36141 cm™'
transition is depicted in Figure 3 together with its calculated

1

1924

www.chemphyschem.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Oomens, A. M. Rijs et al.

T T T T T T
400 600 800 1000 1200 1400 1600 1800

Wavenumber / cm™’

Figure 3. a) IR-UV ion-dip spectrum of 9-methyladenine at the wt—mt* transi-
tion at 36141 cm ™' and b) its calculated spectrum. The bands below
1550 cm™ are enlarged.

spectrum. The experimental spectrum shows many resolved
bands and is roughly analogous to the spectrum of 9H-ade-
nine, with one dominant band at 1632 cm™' and a shoulder at
1599 cm™. As in the spectrum of 9H-adenine, roughly two re-
gions can be distinguished in the spectrum, that is, a region
with in-plane modes above 1000 cm™' and one with predomi-
nantly out-of-plane skeletal modes at lower frequencies. More-
over, some additional bands are present, mainly in the 1000 to
1500 cm™' range, which correspond to deformations of the
methyl group.

A relatively intense band is observed at 571 cm™', similar to
the 587 cm™' band in adenine. Even though for 9-methylade-
nine there is a fundamental vibration calculated at 578 cm™',
the intensity mismatch is so pronounced that we assign the
571 cm™' band to the overtone of the NH,-inversion mode.
Further assignments of the calculated with the measured fre-
quencies are given in Table 1.

1

2.2. Protonated Adenine and 9-Methyladenine

The IRMPD spectra of protonated adenine (AH*) and 9-methyl-
adenine (9-MAH™) obtained in the spectral range from 1000 to
1750 cm™" are presented in Figure 4 and Figure 5, respectively.
Upon IR activation, protonated adenine (m/z 136) was found
to fragment into m/z 119 (loss of NH;), m/z 109 (loss of HCN),
and m/z 94 (loss of NH,CN) in accordance with previous UV
photofragmentation studies.*>% The IRMPD yield in the 119,
109, and 94 mass channels is summed and divided by the laser
fluence, and plotted against photon energy giving the IRMPD
spectrum shown in Figure 4. The IRMPD spectrum of adenine
shows one dominant feature consisting of a peak at 1653 cm™'
with a shoulder on the low-frequency side at 1605 cm™'. These
bands originate from scissor modes of the NH, group. Below
1500 cm ™' a few small features appear in the spectrum result-
ing from various in-plane bending modes.

The assignment of the IRMPD spectra of protonated adenine
is based on the comparison with the calculated spectra of dif-

ChemPhysChem 2011, 12, 1921-1927


www.chemphyschem.org

IR Spectroscopy of Adenine and 9-Methyladenine

a)

b) 3-7-AH+0 kJ mol-! 3x

T T T T T T T T
900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Wavenumber /cm™

Figure 4. a) IRMPD spectrum of protonated adenine compared with b-d) the
calculated spectra of the three lowest-energy tautomers. The bars under the
graphs are the calculated modes. Below 1500 cm™' the graphs are enlarged
for better comparison.

ferent low-energy tautomeric structures. The calculated spectra
are convoluted with a 50 cm™ full width at half maximum
(FWHM) Gaussian function and the calculated frequencies are
scaled with a factor of 0.968. The three tautomers are found to
lie very close in energy. The 3-9-AH™ is only 6 kimol™' higher
in energy than 3-7-AH™, which is practically isoenergetic with
the 1-9-AH* tautomer. Other tautomers are calculated to be
more than 34 kJmol™" higher in energy and are not considered
here. Due to the presence of three conformations within
6 kJmol ™', superposition of the IR spectra of 1-9-AH" and 3-7-
AH" and possibly 3-9-AH* may be expected at the tempera-
ture of the Fourier transform ion cyclotron resonance (FTICR)
trap (293 K). However, specific spectral features, such as the
shoulder at 1600 cm™' and the weak broad absorption be-
tween 1300 and 1500 cm™, are both best reproduced by the
theoretical 1-9-AH" spectrum. The 1600 cm™' shoulder is not
nearly as pronounced in the spectra calculated for the 3-9-AH*
and 3-7-AH* tautomers. Moreover, the 3-7-AH* calculation
does not reproduce the 1300 to 1500 cm™' range as well as
the calculation for the 1-9-AH" tautomer. Although the pres-
ence of 3-9-AH™ and 3-7-AH* cannot be excluded based on
the experimental spectrum, the dominant species appears to
be the 1-9-AH*.
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Figure 5. a) IRMPD spectrum of protonated 9-methyladenine together with
b-d) calculated spectra of the three possible tautomers. Bars under the cal-
culated graphs represent the modes. Graphs are enlarged below 1500 cm™
for better comparison.

The presence of only 1-9-AH* in the gas phase, even
though 3-7-AH™ is nearly isoenergetic, has been attributed by
Marian etal. to artifacts inherent to electrospray ionization
(ESN.B¥ In the water/methanol solution used for ESI, certain
tautomers are stabilized more than others. Upon transfer to
the gas phase the tautomeric distribution does not change sig-
nificantly since the exchange of two hydrogen atoms is rela-
tively slow. Consequently, the energy calculations on isolated
molecules can predict different tautomers to be the most
stable structure. Indeed, calculations with one added water
molecule show that the 1-9 tautomer is significantly lower in
energy than the other structures.®

The fragments of 9-MAH™" (m/z 150) after IR irradiation were
found at m/z 133 (loss of NH,), m/z 123 (loss of HCN), and m/z
108 (loss of NH,CN). The IRMPD spectrum of 9-MAH ™", obtained
by summing the fragmentation yield in these mass channels,
shows the same features as AH". The dominant spectral fea-
ture is found at 1650 cm™ with a shoulder at 1585cm™,
which corresponds to NH, scissor vibrations. Bands of lower in-
tensity are seen below 1530 cm™ and are attributed to in-
plane vibrations of the purine moiety and deformations of the
methyl group.
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Assigning the dominant tautomeric structure of 9-MAH™ is
more straightforward than for AH™, since fewer tautomers are
possible. Moreover, the energy differences are larger for 9-
MAH™ tautomers. The most stable structure is the 1-9 tauto-
mer followed by 3-9-MAH* at 8 kJmol™' and 7-9-MAH™ at
27 kJmol™'. Comparison of the calculated spectra with the
IRMPD spectrum shows that the calculated spectrum of 1-9-
MAH* provides the closest match to the experimental spec-
trum. The shoulder around 1585 cm™' is prominently present
and there is excellent agreement below 1350 cm™'. Thus, we
conclude that the dominant tautomer present is the 1-9-MAH*
structure, although minor contributions of other tautomers
cannot be excluded.

3. Conclusions

The IR absorption spectra of the nucleobase adenine and its
derivative 9-methyladenine were measured under isolated con-
ditions in the gas phase. IR-UV ion-dip spectroscopy was ap-
plied to study the neutral species, while IRMPD was employed
to examine their protonated forms. The IR spectra of neutral
adenine and 9-methyladenine contain a large number of well-
resolved resonances. For adenine, comparison of the experi-
mental and calculated spectra confirms the presence of 9H-ad-
enine. In addition, the FTIR spectrum of adenine recorded pre-
viously closely resembles the experimental IR-UV ion-dip spec-
trum in this frequency range, although the presence of the 7H
tautomer in the gas-phase sample cannot be excluded.

The IRMPD spectrum of protonated adenine in the 1000 to
1750 cm™' region shows features that match particularly well
with the calculated spectrum of 1-9-AH*. Although other tau-
tomers cannot be excluded, gas-phase protonated adenine
produced via ESI is suggested to exist mainly in the 1-9 tauto-
mer form, which is consistent with earlier observations.*® The
IRMPD spectrum of protonated 9-methyladenine also indicates
the presence of mainly the 1-protonated tautomer.

Experimental Section

Neutral Adenine and 9-Methyladenine: The IR-UV ion-dip spectra
of neutral adenine and 9-methyladenine were obtained using a
pulsed molecular beam setup equipped with a laser-desorption
source and a reflectron time-of flight (TOF) mass spectrometer.***"
Samples of adenine (99%) and 9-methyladenine (97 %) (Sigma-Al-
drich) were used without further purification. A mixture of the
sample and graphite powder was applied onto the surface of a bar
of solid graphite (50x 15x 1 mm?®). The sample bar was placed on a
translatable stage to provide fresh sample every laser shot, directly
under the orifice of a pulsed valve. The 10 Hz pulsed valve released
gas pulses of argon (typically 60 us long) through a 0.5-mm-diame-
ter nozzle into a vacuum at a backing pressure of 3.5 bar. Directly
after opening the nozzle a pulsed Nd:YAG laser (Polaris Il, New
Wave Research) operating at 10 Hz, 1064 nm, and 1 mJ per pulse
desorbed sample molecules from the graphite matrix. The neutral,
gas-phase molecules were entrained and vibrationally cooled in
the supersonic expansion of argon. About 10 cm downstream from
the source the molecular beam was skimmed and entered the dif-
ferentially pumped chamber housing the TOF mass spectrometer
(Jordan Co.). In the extraction zone, the molecules in the beam
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were electronically excited and ionized by UV radiation from a
10 Hz Nd:YAG (Innolas GmbH, Spitlight 1200) pumped frequency-
doubled dye laser (Radiant Dyes, NarrowScan). The dye laser oper-
ating on Coumarin 153 generated tunable UV radiation in the
36000-36300 cm ™' region with a typical pulse energy of 2.5 mJ.
The resulting ions were accelerated towards a microchannel-plate
(MCP) detector, thereby yielding mass spectra with a resolution of
M/AM =2000.

IR-UV ion-dip spectroscopy was employed to obtain the IR absorp-
tion spectra of jet-cooled adenine and 9-methyladenine. The ions
were constantly produced from ground-state molecules by using a
(1+1) two-photon ionization scheme. About 500 ns prior to the
excitation and the ionization beam, the IR laser interacted with the
molecular beam. If the IR laser was resonant with a vibrational
transition, population was transferred from the ground state into
the vibrationally excited state, which led to a depletion of the
ground-state population. This resulted in a decrease in the number
of produced adenine/9-methyladenine ions. By measuring the ion
yield of the mass of interest while varying the wavelength of the
IR laser, the IR ion-dip spectrum was obtained. The spectrum was
recorded in the frequency range between 500 and 1750 cm™',
using the radiation produced by the Free Electron Laser for Infra-
red eXperiments (FELIX) located at our institute.*? FELIX produces
an approximately 5-us-long burst (macropulse) of micropulses. The
micropulse spacing within the burst is 1 ns. The micropulse dura-
tion is set to about 100 optical cycles, which results in a spectral
bandwidth of approximately 0.5% (FWHM) of the central frequen-
cy. Typically, energies of up to 60 mJ are reached in the macro-
pulse. The frequency range that can be covered extends from 40
to 2000 cm™' although only the range from 500 to 1750 cm™' is
used in the present study. In the experiment, the UV excitation/ion-
ization laser and the molecular beam ran at a 10 Hz repetition rate,
while FELIX operated at 5 Hz. By independently recording the alter-
nating IR-on and IR-off signals, a normalized ion-dip spectrum
could be obtained, which was insensitive to long-term drifts in UV
laser power or source conditions. Additionally, the IR spectra were
corrected for the intensity variations of the IR energy over the
complete wavelength range.

Protonated Adenine and 9-Methyladenine: Protonated adenine
and 9-methyladenine were generated by ESI (Micromass/Waters Z-
spray source) using a 1 mm solution of the sample in an 80:20
methanol/water mixture, with a few drops of acetic acid (>99%,
Fluka) added to aid the protonation of the nucleobase. The pro-
duced ions were accumulated in a linear hexapole trap before they
were pulse-injected into the FTICR ion trap equipped with a 4.7 T
actively  shielded superconducting magnet (Cryomagnetics
Inc.).®**) In the ICR cell, the ion of interest was mass-isolated
using a stored waveform inverse Fourier transform (SWIFT) excita-
tion pulse.*® The mass-selected ions were then irradiated with the
focused output of the free-electron laser FELIX.*? To produce the
IR spectra, the wavelength of FELIX was scanned between 1000
and 1750 cm™, and the fragment and parent ion intensities were
measured at each step using the excite/detect sequence. At each
wavelength, three mass spectra were averaged, and the IRMPD
yield was linearly corrected for the variations in the FELIX power
over the complete spectral range.

Calculations: All quantum-chemical calculations were performed
using the Gaussian 03 program package.”” Calculation of the har-
monic vibrational frequencies of the ground states was done by
using the analytical second derivatives at the B3LYP/6-311++
G(df,pd) level of theory."®>% Scaling factors for the neutral species
were calculated by assigning a structure to the experimental spec-
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trum, after which a linear regression was performed between the
assigned calculated and experimental frequencies. For adenine the
resulting scaling factor was 0.982 and for 9-methyladenine 0.983.
The scaling factor used for the protonated species was 0.968
based on the recommendations by Andersson and Uvdal.”" Ener-
gies given are zero-point-energy corrected. Furthermore, the calcu-
lated spectra were convoluted with a Gaussian profile representing
the bandwidth of FELIX for IR-UV ion-dip spectroscopy. For the
protonated species, spectra were convoluted with a 50 cm™'
FWHM profile for comparison with the experimental IRMPD spec-
tra.
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