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We present resonant two-photon ionization and IR–UV double resonance spectra of methylated
xanthine derivatives including 7-methylxanthine dimer and theobromine dimer seeded in a
supersonic jet by laser desorption. For 7-methylxanthine, theophylline and theobromine monomer
we assign the lowest energy tautomer based on comparison with IR–UV double resonance spectra
and calculated IR frequencies. For the 7-methylxanthine dimer, we observe hydrogen bonding on
the N3H position suggesting 3 possible combinations, one that is reverse Watson–Crick type and
two that are reverse Hoogsteen type. For the theobromine dimer, we observe a stacked structure.
For trimethylxanthine dimers we infer a stacked structure as well.

1. Introduction
Both hydrogen bonding and p–p interactions (or stacking interactions) play an important role in biological structures. Hydrogen
bonding is responsible for base pair recognition in DNA and
stabilizes a-helices and b-sheets in protein structures. Stacking
interactions help stabilize the structure of DNA duplexes.1 Gasphase laser spectroscopy provides a means to study the intrinsic
properties of biologically relevant molecules in a solvent-free
environment, allowing detailed studies of the non-covalent forces
that govern their interactions. Pairings of various nucleobases by
hydrogen bonding have been extensively studied by these techniques,2–8 however, only a few studies exist of stacked structures.
Theoretical calculations show that in the gas phase, hydrogen-bonded structures between nucleobases dominate.9 The
population of stacked structures can be enhanced in one of
two ways. First, water molecules can stabilize stacked structures by bridging.9–11 Kabeláč et al. predict that two to six
water molecules are required for most nucleobases’ pair
combinations to cause stacked structures to be preferred over
H-bonded ones.9 Second, methylation can lead to stacking by
reducing the number of H-bonding sites. Kabeláč et al. have
shown that 7-methyladenine–adenine adopts a nearly planar
hydrogen bonded structure and 9-methyladenine-adenine
adopts a stacked structure.12 Here we further explore this
aspect of competition between stacking and H-bonding by
studying clusters of various methylated xanthines. Fig. 1
shows the methyl derivatives used in this work.
Methyl xanthines are important molecules commonly used
as mild stimulants and bronchodilators.13 In the gas phase,

these purines can exist in a variety of diﬀerent tautomeric
forms, which can exhibit drastically diﬀerent photophysical
behavior. We investigated the structure of 7-methylxanthine
dimer and theobromine dimer by resonant two-photon ionization (R2PI) and IR–UV double resonance spectroscopy. By
comparing the observed IR–UV spectra with calculated frequencies of optimized structures, we conclude that 7-methylxanthine dimer is most likely hydrogen bonded in the threeposition and theobromine dimer is in a stacked conﬁguration.

2. Methods
Experimental
7-Methylxanthine, theophylline (1,3-dimethylxanthine), theobromine (3,7-dimethylxanthine), and caﬀeine (1,3,7-trimethylxanthine) were obtained from Sigma-Aldrich and used
without further puriﬁcation.
The experimental setup has been described in detail elsewhere.14 We laser desorb a thin layer of sample from a graphite
substrate in front of a pulsed nozzle. The desorption laser, an
Nd:YAG operating at 1064 nm, is attenuated to 1 mJ cm 2 and
focused to a spot of approximately 0.5 mm diameter within 2
mm in front of the nozzle oriﬁce. We translate the sample in
order to expose fresh sample to successive laser shots. The
nozzle consists of a pulsed valve with a nozzle diameter of
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Fig. 1 The structures of methyl xanthine derivatives examined in this
report.

Phys. Chem. Chem. Phys., 2008, 10, 2819–2826 | 2819

1 mm and a backing pressure of 6 atm of argon drive gas. The
neutral molecules are skimmed and then ionized with a frequency-doubled dye laser. We detect the ions in a reﬂectron
time-of-ﬂight mass spectrometer. Typical mass resolution
(m/Dm) measured at the molecular ion peak is 700 or higher.
We obtain resonant two-photon ionization (R2PI) spectra
by monitoring mass selected peaks while tuning the one-color,
two-photon ionization (1C-R2PI) wavelength. For theobromine and caﬀeine, we also ionized these molecules using a twocolor two-photon process (2C-R2PI). For the second photon
we used 266 nm provided by the fourth harmonic of another
Nd:YAG laser. We measure IR–UV double resonance spectra
with two laser pulses separated in time by 200 ns. The ﬁrst IR
pulse serves as a ‘‘burn’’ pulse, which removes the ground state
population and causes depletion in the ion signal of the second
UV ‘‘probe’’ pulse, provided both lasers are tuned to a
resonance of the same isomer. IR frequencies are produced
in an OPO/OPA setup (LaserVision) pumped by a Nd:YAG
laser operating at its fundamental frequency. For this work, we
operated within the range of 2800–3550 cm 1, which encompasses NH and OH modes. Typical IR intensities in the burn
region are 12 mJ pulse 1 and the bandwidth is 3 cm 1.

and caﬀeine, shown in Fig. 2. One-color R2PI was possible for
both theobromine and caﬀeine, but peaks were broadened due
to power saturation, which led to increased spectral congestion. By performing two-color R2PI, separating excitation and
ionization, we could reduce the intensity of the excitation
laser. This approach reduced power broadening and produced
better spectra. The R2PI spectra for all of these methylated
xanthines are sharp and vibronically resolved. Increasing the
number of methyl substitutions on xanthine shifts the R2PI
spectra to lower energies. To identify speciﬁc tautomers in this
R2PI region, we measured IR–UV double resonance spectra
on the origin peak for 7-methylxanthine, theophylline, and
theobromine. For all three monomers, we observe the lowest
energy tautomer based on the following analysis of our
IR–UV spectra.
Fig. 3 shows the IR–UV double resonance spectrum of
7-methylxanthine along with the calculated frequencies for
ﬁve tautomers optimized at the B3LYP/6-311+G(2d,p) level.
By comparing the IR–UV spectrum to the calculated frequencies and intensities, we conclude that we observe the diketo
7-methylxanthine which we calculated to be the lowest energy
tautomer. The two strong bands at 3445 and 3485 cm 1 in the
IR–UV spectrum can be assigned as the N1H and N3H

Theoretical
We assessed the tautomeric equilibria of methylated xanthines
using the Gaussian 03 quantum code package.15 Application
of density functional theory’s B3LYP hybrid functional (a
parameterized combination of Becke’s exchange functional,
the Lee, Yang and Parr correlation functional and the exact
exchange functional)16–18 with a 6-311+G(2d,p) basis set19,20
yielded equilibrium geometries of the tautomers for each
methylated xanthine. We performed second derivative calculations for purposes of vibrational frequency analysis and to
verify that the geometries for all species corresponded to local
minima. Vibrational frequencies were computed on an ultraﬁne grid and a corrective scaling factor of 0.9618 was applied
to account for anharmonicity.21
We used the MD/Q technique, described elsewhere,22 to
scan the potential-energy surface (PES) of the theobromine
and caﬀeine dimers, employing the self-consistent charge
density functional tight-binding method extended by an empirical dispersion term (SCC-DF-TB-D).23 The most stable
structures according to the SCC-DF-TB-D level of theory
were selected (they were contained within an interval of energy
of 9 kcal/mol) and reoptimized using the RI-DFT-D24 method
in combination with the TPSS25 functional augmented with
dispersion energy (TPSS-D) and the 6-311++G(3df,3dp)26
basis set. The RI-DFT-D method is home implemented in the
Turbomole 5.9 program package.27 Vibrational frequencies
were calculated at the same level of theory in the context of the
rigid rotor, harmonic oscillator, ideal gas approximation. A
corrective scaling factor of 0.988 was applied.

3. Results and discussion
3.1 Methyl xanthine monomers
We measured one-color R2PI spectra for 7-methylxanthine
and theophylline, and two-color R2PI spectra for theobromine
2820 | Phys. Chem. Chem. Phys., 2008, 10, 2819–2826

Fig. 2 The R2PI spectra of (A) 7-methylxanthine, (B) theophylline,
(C) theobromine, and (D) caﬀeine. The theobromine and caﬀeine
spectra are two-color R2PI with 266 nm.
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Fig. 4 IR–UV double resonance spectrum of theophylline. Stick
spectra are calculated frequencies at the B3LYP/6-311+G(2d,p) level
for tautomers of theophylline (lettered A–C). Their relative energies
(in kcal/mol) are shown in the upper left hand corner.

Fig. 3 IR–UV double resonance spectrum of 7-methylxanthine. Stick
spectra are calculated frequencies at the B3LYP/6-311+G(2d,p) level
for tautomers of 7-methylxanthine (lettered A–E). Their relative
energies (in kcal/mol) are shown in the upper left hand corner.

stretching vibrations. The other four tautomers are higher in
energy by at least 11 kcal/mol and their calculated IR
frequencies do not match the experimental result.
Fig. 4 shows the IR–UV double resonance spectrum of
theophylline along with the calculated frequencies for three
tautomers optimized at the B3LYP/6-311+G(2d,p) level. The
lowest energy tautomer is the N7H form, while the N9H
tautomer is 9 kcal/mol higher in energy. However, the calculated N–H stretching vibrations for these two tautomers are
almost indistinguishable from each other. In another report,
we measured the IR–UV double resonance spectrum of
xanthine and assigned it to the N7H form.28 In xanthine, the
diﬀerences in the calculated frequencies between the N7H and
N9H forms were larger despite similar energy diﬀerences. By
comparison of IR–UV spectra, it would seem that theophylline is also in the N7H form (see ESI).w Therefore, we
tentatively assign the one band at 3500 cm 1 in the IR–UV
spectrum as the N7H stretching vibration. The third tautomer
is an unlikely assignment since it is much higher in energy
This journal is
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(18 kcal/mol) in addition to the poorer match for the IR
frequency.
Fig. 5 shows the IR–UV double resonance spectrum of
theobromine along with the calculated frequencies for three
tautomers optimized at the B3LYP/6-311+G(2d,p) level. By
comparing the IR–UV spectrum to the calculated frequencies
and intensities, we conclude that we observe the diketo form in
the supersonic jet. This is the most conﬁdent assignment since
the other two tautomers are much higher in energy (greater
than 16 kcal/mol). In addition, the calculated OH band for the
enol forms is more than 100 cm 1 away from the one band in
the experimental IR–UV spectrum at 3446 cm 1, assigned as
the N1H stretching vibration. For caﬀeine, we did not measure
the IR–UV double resonance spectrum since all three N–H
sites are replaced by methyl groups.
3.2 7-Methylxanthine dimer
Fig. 6 shows the one-color R2PI spectrum for 7-methylxanthine
dimer. Its appearance diﬀers signiﬁcantly from that of the
7-methylxanthine monomer. The R2PI spectrum is red-shifted
compared to the monomer and broad. Fig. 7 shows a mass
spectrum recorded at 35 677 cm 1 exhibiting a strong peak for
the 7-methylxanthine dimer. A very small peak for the
7-methylxanthine trimer was the only other peak observed in
the mass spectrum. Despite optimization on the dimer peak, we
cannot exclude the possibility that the dimer spectrum contains
Phys. Chem. Chem. Phys., 2008, 10, 2819–2826 | 2821

Fig. 6 The broad, one-color R2PI spectrum of 7-methylxanthine
dimer. The arrows at 35 677, 35 822 and 35 892 cm 1 indicate where IR
spectra were measured by double resonant techniques.

tautomers are much higher in energy and their presence is
unlikely in the supersonic expansion. The IR–UV double
resonance spectrum for the 7-methylxanthine monomer shows
two strong bands at 3445 and 3485 cm 1, which correspond to
the computed N1H and N3H stretch frequencies. We measured the IR–UV double resonance spectrum for the 7-methylxanthine dimer while probing at three diﬀerent UV
frequencies: 35 677, 35 822 and 35 892 cm 1. The IR–UV
spectra probed at each UV frequency were essentially identical. In these spectra, shown in Fig. 9, the N3H band is absent,
which indicates that this position is now involved in a hydrogen bond. In addition, two strong broad bands are observed
below 3200 cm 1, with one especially broad band spanning
from 3130 to 2875 cm 1. Attenuating the IR output in this
broad region did not change the appearance of the IR–UV
spectrum.
Of the 10 calculated dimer structures, the three lowest
energy base pairs are the only ones where the N3H in both
molecules are involved in hydrogen bonds. The lowest energy

Fig. 5 IR–UV double resonance spectrum of theobromine. Stick
spectra are calculated frequencies at the B3LYP/6-311+G(2d,p) level
for tautomers of theobromine (lettered A–C). Their relative energies
(in kcal/mol) are shown in the upper left hand corner.

contributions from higher clusters fragmenting. However, we
are conﬁdent that the R2PI spectrum for 7-methylxanthine
monomer does not contain contributions from the dimer
because they absorb in diﬀerent spectral regions.
We calculated energies and IR frequencies for the 7-methylxanthine dimer at the B3LYP/6-311+G(2d,p) level. We did
this for 10 diﬀerent combinations where both molecules are in
the lowest energy diketo form. These base pairs are all close in
energy, where the lowest and highest energy combinations are
only separated by 3 kcal/mol, as summarized in Fig. 8. Other
combinations were not considered since enol and dienol

Fig. 7

Mass spectrum recorded at 35 677 cm

2822 | Phys. Chem. Chem. Phys., 2008, 10, 2819–2826
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showing a strong 7-methylxanthine dimer peak.
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Fig. 8 The relative energies (in kcal/mol) of the 7-methylxanthine dimer calculated at the B3LYP/6-311+G(2d,p) level. The three lowest energy
base pairs all have their N3H involved in hydrogen bonding. One base pair is reverse Watson–Crick (RWC) and the other two are reverse
Hoogsteen (RH1 and RH2).

pair is in a reverse Watson–Crick (RWC) type conﬁguration
and the other two pairs are in reverse Hoogsteen (RH1 and
RH2) type conﬁgurations. The calculated IR frequencies for

Fig. 9 IR–UV double resonance spectrum of (A) 7-methylxanthine
monomer and (B) 7-methylxanthine dimer. Stick spectra are calculated
frequencies at the B3LYP/6-311+G(2d,p) level for the three lowest
energy dimer structures. In all three dimer structures, the N1H is free.
The dotted red line is the calculated N3H stretch, which matches the
IR band in the monomer spectrum very well.
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the N1H stretching vibration in these conﬁgurations are in the
same position and ﬁt the experimental band well.
However, establishing the exact base pair conﬁguration
observed in our experiment is diﬃcult due to the broad nature
of the IR bands below 3200 cm 1. For the reverse Watson–Crick (RWC) base pair we calculated one strong IR band
at 3140 cm 1, which corresponds to N3Hs hydrogen bonded
to oxygen atoms at the two-position. For the lower energy
reverse Hoogsteen base pair (RH1), we calculated two strong
IR bands around 3121 and 3128 cm 1, which correspond to
N3Hs hydrogen bonded to nitrogen atoms at the nine-position. For the higher energy reverse Hoogsteen base pair
(RH2), we calculated two strong IR bands around 3047 and
3226 cm 1, which correspond to the N3H hydrogen bonded to
the nitrogen atom at the nine-position and the other N3H
hydrogen bonded to oxygen atoms at the two-position respectively. The latter calculated band is a good ﬁt to the experimental band at 3170 cm 1. The extremely broad bands in the
experimental IR–UV spectrum could be explained by the
overlap of frequencies from all three dimer structures. In
addition, the broad and congested R2PI spectrum can be the
result of overlapping spectra from multiple similar structures.
Furthermore, photophysics similar to that found in various
nucleobases might also contribute to spectral broadening in
the UV.
Phys. Chem. Chem. Phys., 2008, 10, 2819–2826 | 2823

Fig. 10 The broad, one-color R2PI spectrum of theobromine dimer.

There is also a possibility for diﬀerent tautomeric structures
in which three hydrogen bonds are formed either by two enol
tautomers or one diketo and one dienol tautomer. This could
occur if the stabilization of the three hydrogen bonds would be
greater than the reorganization energy of the tautomers.
However all of these combinations have a free N3H mode
and therefore do not ﬁt the experimental IR–UV data. In
addition, Dietrich et al. have calculated that these base pairs
containing three hydrogen bonds are much less stable compared to those with two hydrogen bonds involving the N3H
position.29
3.3 Theobromine dimer
Fig. 10 shows the one-color R2PI spectrum for theobromine
dimer. Again, the R2PI spectrum of the dimer is broad
compared to the sharp and resolved R2PI spectrum of the
monomer. The onset of the R2PI spectrum for theobromine
dimer is red-shifted compared to the monomer.
Fig. 11 shows the IR–UV double resonance spectra for the
theobromine monomer and dimer. Both the monomer and
dimer feature a strong band, around 3446 and 3438 cm 1
respectively. Despite a slight shift of the IR band observed in
the dimer, they clearly ﬁt the N1H stretch frequency. The

Fig. 11 IR–UV double resonance spectra of theobromine monomer
(top trace) and theobromine dimer (bottom trace). The IR band for
the dimer is slightly red-shifted with respect to the IR band for the
monomer.

experimental IR–UV spectrum indicates that the dimer structure is in a stacked conﬁguration rather than hydrogen bonded
one. A stacked structure for theobromine dimer may partly
explain the broad appearance of the R2PI spectrum, since
mixing of electronic states is more likely to occur. Broad
excitation spectra are commonly observed for aromatic dimers
due to stacking interactions and excimer formation.30,31
Fig. 12 shows the structures and relative energies (in kcal/
mol) of the theobromine dimer optimized at the RI-DFT-D/
TPSS-D/6-311++G(3df,3dp) level. All calculated frequencies
for the theobromine dimer are shown in Table 1. Eleven of the
fourteen calculated structures are in a stacked conﬁguration.
The remaining three structures are hydrogen bonded and can
be ruled out as possibilities based on their calculated frequencies. While these data clearly indicate stacking, it is diﬃcult to
assign a speciﬁc stacked structure to ﬁt the IR–UV double
resonance spectrum. We observed only one IR band (at 3438
cm 1) for theobromine dimer, which we can use to compare
with theoretically calculated frequencies. However, calculated

Fig. 12 The structures and relative energies (in kcal/mol) of the theobromine dimer optimized at the RI-DFT-D/TPSS-D/6-311++G(3df,3dp)
level.

2824 | Phys. Chem. Chem. Phys., 2008, 10, 2819–2826
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Table 1 Theoretical (RI-DFT-D/TPSS/6-311++G(3df,3pd)) vibrational frequencies (in cm 1) for the most stable conformers in the FES
of theobromine dimer. A scaling factor of 0.988 has been applied

str_01
str_02
str_03
str_04
str_05
str_06
str_07
str_08
str_09
str_10
str_11
str_12
str_13
str_14
a

NHH-bonded

NHfree

NHfree

—
—
—
—
—
—
—
—
—
—
3092
3116
3055
—

3500
3489a
3499
3499
3483a
3485
3488
3484a
3499
3500
—
—
—
3498

3499
3489a
3498
3498
3481a
3484
3482
3483a
3495
3496
—
—
—
3480

Neighboring vibration modes are coupled.

frequencies for the N1H modes all appear in the same region
around 3500 cm 1. In addition, the calculated frequencies for
the individual N1H modes are spaced very closely together in
most of the stacked conﬁgurations. Hence, these would likely
appear as one peak in our experimental spectrum (since we are
limited by the bandwidth of our IR OPO/OPA). This situation
would apply to seven out of the eleven calculated stacked
structures. These seven stacked structures are all close in
energy (within 6 kcal/mol) and could all be present in the
supersonic jet. Therefore, we can only conclude that we
observe a stacked structure along with the possibility that we
may be observing multiple conﬁgurations.
3.4 Caﬀeine and theophylline dimers
For caﬀeine, we observe a very strong dimer signal in the mass
spectrum. Since all hydrogen bonding sites are blocked we did
not measure an IR–UV spectrum and these must be van der
Waals dimers based on p-stacking. For caﬀeine dimer, we ran
molecular dynamics simulations at various temperatures ranging from 100 K to 1100 K, obtaining diﬀerent stacked
geometries of which Fig. 13 shows an example. Further
computation is needed for an accurate prediction of its
structure.
Curiously, we do not observe any theophylline dimer despite
the fact we can observe caﬀeine dimers, which one would
expect to exhibit more steric hindrance for dimer formation.
We note that cluster formation, in principle, occurs readily in
our experiment because by adjusting the sample position
relative to the pulsed nozzle, we can observe theophylline–
argon clusters in the mass spectrum. It is possible for species to
be present in the molecular beam without being observed by
R2PI detection. Possible reasons include unfavorable
Franck–Condon factors, spectral shifts, low oscillator
strengths, or short excited state lifetimes compared to the
nanosecond timescale laser pulses. These eﬀects could also
play a role in the failure to observe hydrogen bonded theobromine dimers and all but the three lowest energy structures
of 7-methylxanthine dimer. Since for the latter the calculated
energy diﬀerences are very small this would suggest structuredependent photochemistry.
This journal is
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Fig. 13 Stacked structure of caﬀeine dimer based on a molecular
dynamics simulation.

4. Conclusion
We investigated the gas-phase structure of various methylated
xanthine derivatives including 7-methylxanthine dimer and
theobromine dimer by resonant two-photon ionization and
IR–UV double resonance spectroscopy. The R2PI spectra for
7-methylxanthine, theophylline, theobromine, and caﬀeine
were sharp and vibronically resolved. Based on calculated
frequencies, we assigned the IR–UV spectra for these monomers to their lowest energy tautomer in each case. The R2PI
spectra for 7-methylxanthine dimer and theobromine dimer
are red-shifted and broad compared to their respective monomers. By comparing the observed IR–UV spectra with calculated frequencies for optimized dimer structures, we conclude
that the 7-methylxanthine dimer is hydrogen bonded on the
N3H position suggesting 3 possible combinations: one that is
of a reverse Watson–Crick type and two that are reverse
Hoogsteen type structures. We assign a stacked structure to
theobromine dimer since its IR–UV spectrum is similar to that
of theobromine monomer with a free NH group and suggesting absence of hydrogen bonding. Hydrogen bonding would
still be possible in this dimer, so it appears that increasing the
number of methylated sites does increase the probability of
stacking interactions in competition with hydrogen bonding.
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