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Abstract. The gas-phase structures of protonated thymidine, [dThd + H]+, and its
modified form, protonated 5-methyluridine, [Thd + H]+, are examined by infrared
multiple photon dissociation (IRMPD) action spectroscopy combined with electronic
structure calculations. IRMPD action spectra are measured over the ranges extend-
ing from ~600 to 1900 cm–1 and ~2800 to 3800 cm–1 using the FELIX free electron
laser and an optical parametric oscillator/amplifier (OPO/OPA) laser system, respec-
tively. Comparisons between the B3LYP/6-311+G(d,p) linear IR spectra calculated
for the stable low-energy conformers and the measured IRMPD spectra are used to
determine themost favorable tautomeric conformations of [dThd + H]+ and [Thd + H]+

and to identify those populated in the experiments. Both B3LYP and MP2 levels of
theory predict a minor 2,4-dihydroxy tautomer as the ground-state conformer of [dThd + H]+ and [Thd + H]+

indicating that the 2'-hydroxyl substituent of Thd does not exert a significant impact on the structural features.
[dThd + H]+ and [Thd + H]+ share parallel IRMPD spectral profiles and yields in both the FELIX andOPO regions.
Comparisons between the measured IRMPD and calculated IR spectra suggest that minor 2,4-dihydroxy
tautomers and O2 protonated conformers of [dThd + H]+ and [Thd + H]+ are populated in the experiments.
Comparison of this work to our previous IRMPD spectroscopy study of protonated 2'-deoxyuridine and uridine
suggests that the 5-methyl substituent alters the preferences of O2 versus O4 protonation.
Keywords: 5-Methyluridine, Electronic structure theory, IRMPD action spectroscopy, Protonation, Thymidine

Received: 2 September 2015/Revised: 25 October 2015/Accepted: 28 October 2015/Published Online: 16 December 2015

Introduction

Thymine (5-methyluracil, T) is one of the naturally occur-
ring DNA pyrimidine nucleobases. Thymine has drawn a

great deal of attention due to its enhanced photoreactivity,
which results from its slow dissipation of electronic energy
upon optical excitation [1, 2]. Thymine absorbs ultraviolet light
to yield a cyclobutane photodimer that may lead to carcino-
genic and mutagenic effects [3]. Therefore, studies of the
photochemistry of thymine may provide insight into the nature

of UV-induced carcinogenesis and mutagenesis [4]. Another
intriguing characteristic of thymine is its ability to undergo
keto-enol tautomerization, which may alter its base pairing
properties, form mispairs, and eventually lead to point muta-
tions and molecular based diseases [5]. The tautomeric behav-
ior of thymine has been examined both experimentally and
theoretically [6–9]. These studies suggest that the canonical
diketo-tautomer of neutral thymine predominates, whereas up-
on protonation, keto-enol tautomerization takes place rapidly,
and the minor 2,4-dihydroxy tautomer is predominant in the
population with the O4 protonated canonical tautomer also
present in low abundance. Thymine has been found to be
involved in conventional i-motif structures containing proton-
ated cytosine (C) base pairs, C·C+. The i-motif structures may
incorporate T·T pairs to form various i-motif tetramers, such as
[d(TCCCCC)]4, [d(TCC)]4, [d(5mCCT)]4, [d(T5mCC)]4,

Electronic supplementary material The online version of this article
(doi:10.1007/s13361-015-1303-y) contains supplementary material,
which is available to authorized users.

Correspondence to: M. T. Rodgers; e-mail: mrodgers@chem.wayne.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-015-1303-y&domain=pdf
http://dx.doi.org/10.1007/s13361-015-1303-y


[d(CCTCC)]4, or [d(5mCCTCC)]4 [10] (5m = 5-methyl). Thy-
mine also participates in T·A·T triplets (A = adenine) to form a
DNA asymmetric triple helix via Hoogsteen hydrogen-
bonding interactions [11].

The photochemical properties and the tautomeric behavior
of thymine have motivated a great deal of experimental and
theoretical studies during the past two decades [6–9, 12–14].
However, much less attention has been paid to the thymine
nucleosides, thymidine (dThd) and its ribonucleoside counter-
part, 5-methyluridine (Thd). Because Thd is not one of the
naturally occurring canonical nucleosides, studies of isolated
Thd are even more limited [15, 16]. Fragmentation of gas-
phase dThd has been investigated via electron impact [17],
and valence/core photoionization [18]. Structural aspects of
dThd have been investigated via theoretical calculations in
the presence of the first hydration shell [19]. Therefore, the
gas-phase conformation(s) of the isolated nucleosides remain
unknown. The intrinsic gas-phase conformations of the pro-
tonated forms of dThd and Thd provide insight into the effects
of protonation on the local structure (i.e., the nucleobase ori-
entation relative to the glycosidic bond and sugar puckering),
which are the two dominant factors that determine the overall
structures of DNA and RNA [20]. Therefore, determination of
the structural consequences of protonation of the nucleosides
may help elucidate the effects that pH changes induce in
complex macromolecular structures of DNA and RNA. Be-
cause keto-enol tautomerization prevails in isolated protonated
thymine, the influence of the 2'-deoxyribose and ribose moie-
ties on the tautomeric conformation(s) of protonated thymine
can be determined by comparing the structures of protonated
thymine to its nucleoside analogues.

In this work, the gas-phase conformations and relative sta-
bilities of protonated thymidine, [dThd + H]+, and protonated 5-
methyluridine, [Thd + H]+, are examined by infrared multiple
photon dissociation (IRMPD) action spectroscopy techniques
and electronic structure calculations. A Fourier transform ion
cyclotron resonance mass spectrometer is coupled to the FELIX
free electron laser or an OPO laser to measure the IRMPD
action spectra in the IR fingerprint and hydrogen-stretching
regions. The vibrational modes, preferred tautomeric conforma-
tions of the thymine moiety, and the stable gas-phase confor-
mations of [dThd + H]+ and [Thd + H]+ are determined based
on comparisons between the measured IRMPD spectra and
theoretically computed linear IR spectra. Comparisons between
the conformations and the IRMPD spectra of [dThd + H]+ and
[Thd + H]+ elucidate the effect of the 2'-hydroxyl substituent.
Comparison of present results to the previous IRMPD study of
protonated thymine [9] elucidates the influence of the sugar
moieties on the tautomeric conformations and the IR signatures
of protonated thymine. Moreover, methylation is found to play
a significant role in various biological processes [21], and is
epigenetically natural to living organisms for gene expression.
Methylation may also induce negative effects when it arises
from external chemicals such that the sequence may be misread
upon DNA transcription, leading to undesirable genetic codes.
dThd and Thd are the 5-methyl derivatives of 2'-deoxyuridine

(dUrd) and uridine (Urd), respectively. Therefore, compari-
sons between this work and the previous IRMPD study of
[dUrd + H]+ and [Urd + H]+ [22] provide insight into the
effects of methylation on the preferred tautomeric conforma-
tions of these nucleosides. Most recently, and virtually simul-
taneous with this work, Salpin et al. [23] have characterized
the gas-phase conformations of [dThd + H]+ by IRMPD
spectroscopy in the IR fingerprint region using CLIO free
electron laser. Comparison of the present results to those just
reported by Salpin et al. show that the general conclusions
remain valid. However, the additional information provided in
the current work for [Thd + H]+ as well as the spectral data in
the hydrogen-stretching region allow the number of confor-
mations that may be populated in the experiments to be
reduced as the IR signatures in the hydrogen-stretching region
are somewhat more discriminating. Thus, the present work
complements and enhances that reported by Salpin et al.

Experimental and Computational
Mass Spectrometry and Photodissociation

IRMPD action spectra of [dThd + H]+ and its modified form
[Thd + H]+ were measured using a 4.7 T Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICRMS) [24–26].
Photodissociation was induced by the widely-tunable free elec-
tron laser for infrared experiments (FELIX) [27] and an OPO/
OPA laser system to examine the IR fingerprint and hydrogen-
stretching regions, respectively. Approximately 1 mM of the
nucleosides, purchased from Sigma-Aldrich (Zwijndrecht, the
Netherlands), and 10 mM hydrochloric acid were dissolved in
50%:50%MeOH/H2O solutions. The solutions were delivered
to a Micromass “Z-spray” electrospray ionization (ESI) source
at a flow rate in the range of 3.8−8.0 μL/min. [dThd + H]+ or
[Thd + H]+ were accumulated in an rf hexapole ion trap for
several seconds to affect efficient thermalization of the ions
prior to pulsed extraction through a quadrupole deflector.
[dThd + H]+ or [Thd + H]+ were injected into the FT-ICR
MS via a 1-m long rf octopole ion guide. Electrostatic
switching of the dc bias of the octopole allows ion capturing
without collisional heating of the ions [25]. Although significant
heating of the ions during transmission from the hexapole to the
ICR cell was not expected, the ions were stored in the ICR cell at
~10–8 Torr for at least 300 ms to enable any excess internal
energy to be dissipated by radiative emission. [dThd + H]+ and
[Thd + H]+ were isolated using stored waveform inverse Fourier
transform (SWIFT) techniques. The selected ions were irradiat-
ed for 2.5−3 s by the free electron laser to induce IR photodis-
sociation over the wavelength range between ~16.7 μm
(~600 cm–1) and ~5.3 μm (~1900 cm–1), and in separate exper-
iments for 5–10 s using a benchtop optical parametric oscillator/
amplifier (OPO/OPA) system over the hydrogen-stretching re-
gion, from ~3.6 μm (~2800 cm–1) to ~2.6 μm (~3800 cm–1).
The IRMPD features measured between ~2800 and 3300 cm–1

exhibit very low yields and extensive broadening such that this
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region is of poor diagnostic quality. Therefore, this region is not
shown in most figures or discussed further.

Computational Details

The chemical structures of neutral dThd and Thd are shown in
Figure 1. In these structures, the thymine nucleobases are
depicted in the anti-orientation relative to the glycosidic bond.
The favorable states of protonation for dThd and Thd were
investigated including O2, O4, and the minor 2,4-dihydroxy
tautomers. Candidate structures for each protonated form of
dThd and Thd were generated by simulated annealing using
HyperChem software [28] with the Amber 2 force field. De-
tailed descriptions of the simulated annealing procedures can
be found in our previous IRMPD studies of the protonated
forms of the DNA and RNA nucleosides of guanine, adenine,
and cytosine [29–31]. Similar to these studies [29–31] as well
as our previous IRMPD study of the protonated uridine and 2'-
deoxyuridine [22] approximately 20 to 30 candidate structures
from the 300 generated by simulated annealing for each pro-
tonated form were chosen for higher level optimization. The
structures chosen were primarily based on their relative stabil-
ities determined by simulated annealing, but also include all
possible combinations of protonation site (O2, O4, and the 2,4-
dihydroxy tautomers), nucleobase orientation (anti and syn),
and sugar puckering (C2'-endo, C3'-endo, C2'-exo, and C3'-

exo) to ensure a comprehensive examination of conformational
space.

Geometry optimizations, frequency analyses, and single
point energy calculations of all candidate structures were car-
ried out using the Gaussian 09 suite of programs [32]. All
candidate structures were first optimized at the B3LYP/6-
31G(d) level of theory to facilitate convergence of the geome-
try optimization. These structures were re-optimized using the
6-311+G(d,p) basis set to improve the structural and spectral
description of these systems and, in particular, the hydrogen-
bonding interactions. Frequency analyses of these structures
were also performed using the 6-311+G(d,p) basis set. Single
point energies were calculated at the B3LYP andMP2 levels of
theory using the 6-311+G(2d,2p) basis set to determine the
relative stabilities of the low-energy conformers, including
zero-point energy (ZPE) and thermal corrections. Vibrational
frequencies calculated at the B3LYP/6-311+G(d,p) level of
theory are scaled by a factor of 0.98 over the FELIX region,
and by a factor of 0.954 over the OPO region [33, 34]. Before
comparison to the experimental IRMPD spectra, the calculated
vibrational frequencies are broadened using 20 cm–1 and
15 cm–1 FWHM Gaussian line shapes over the FELIX and
OPO regions, respectively.

Results
IRMPD Action Spectroscopy

When photodissociation of [dThd + H]+ and [Thd + H]+ is
induced by the free electron laser (FEL), the primary dissocia-
tion pathway involves N-glycosidic bond cleavage, producing
protonated thymine, [Thy + H]+ at m/z =127, as the ionic
product detected. In addition to the primary photodissociation
pathway, two minor products are also observed for [dThd + H]+

at m/z = 207 and 81, corresponding to loss of two H2O mole-
cules and loss of neutral thymine and two H2O molecules,
respectively. In contrast, [Thy + H]+ is the only ionic product
observed for [dThd +H]+ and [Thd +H]+ when the OPO laser is
used due to the lower photon output associated with this setup.
The IRMPD yield was determined for each protonated nucleo-
side, [Nuo + H]+ = [dTh + H]+ or [Thd + H]+, from its intensity
and the sum of the intensities of the product ions after laser
irradiation at each frequency as shown in Equation 1:

IRMPD Yield ¼
X

i

Iproducti

. X

i

Iproducti þ I NuoþH½ �þ

 !
ð1Þ

The IRMPD yield was normalized linearly with laser power
to correct for changes in the laser power as a function of photon
energy for both the fingerprint and hydrogen-stretching re-
gions. IRMPD action spectra were obtained for [dThd + H]+

and [Thd + H]+ over the IR fingerprint region from ~600 to
1900 cm–1, and the hydrogen-stretching region from ~2800 to
3800 cm–1, and are shown in Figure 2. Although minor differ-
ences are seen, the 2'-hydroxyl substituent does not exert a

Figure 1. Chemical structures of thymidine (dThd) and 5-
methyluridine (Thd). Ground-state structures of [dThd + H]+

and [Thd + H]+ predicted at the B3LYP/6-311+G(2d,2p)//
B3LYP/6-311+G(d,p) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) levels of theory
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significant influence on the measured IRMPD spectral features
of [dThd + H]+ versus [Thd + H]+ as seen in the highly parallel
spectral profiles and IRMPD yields in both regions.

Theoretical Results

The ground-state conformers of [dThd + H]+ and [Thd + H]+

calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) levels of theory are shown in Figure 1. Both
B3LYP and MP2 predict the same ground-state structures for
[dThd + H]+ and [Thd + H]+. The 2'-hydroxyl substituent does
not affect the conformational features of the ground-state con-
former of [Thd + H]+ compared with those of [dThd + H]+

except that the 3'-hydroxyl of [Thd + H]+ rotates to enable
formation of a hydrogen-bonding interaction between the 2'-
and 3'-hydroxyl substituents. Protonation of dThd and Thd
results in preferential stabilization of a minor 2,4-dihydroxy
tautomer where thymine is in an anti orientation relative to the
glycosidic bond, both the 2- and 4-hydroxyl hydrogen atoms
are oriented toward the adjacent N3 atom, and the sugar ex-
hibits C2'-endo puckering.

Table 1 lists the relative 0 and 298 K enthalpies and Gibbs
free energies of the low-energy conformers of [dThd + H]+ and
[Thd + H]+ found. The optimized structures of these low-
energy conformations along with their relative free energies
at 298 K are shown in Figures S1 and S2 of the Supporting
Information. The nomenclature used to describe the low-
energy conformers is based on the tautomeric conformation

or site of protonation. T is used for the 2,4-dihydroxy tauto-
mers,O2 orO4 for the canonical tautomers protonated at these
sites, and followed by a letter, and are ordered based on their
B3LYP 298 K Gibbs free energies. Uppercase letters are used
for conformers found for both [dThd + H]+ and [Thd + H]+,
lowercase letters for conformers that are only found for
[dThd + H]+, and lowercase Roman numerals for conformers
that are only found for [Thd + H]+. Parallel conformations of
[dThd + H]+ and [Thd + H]+ are named in the same fashion
even though the absolute relative stabilities may vary. A
greater number of low-energy conformers are found for
[Thd + H]+ than [dThd + H]+ because the 2'-hydroxyl
substituent increases the opportunities for hydrogen-bonding
interactions with the nucleobase and allows multiple favor-
able orientations of the 2'- and 3'-hydroxyl substituents to
exist. The lack of a 2'-hydroxyl substituent enables the O2a
andO2b conformers to exist as stable conformers of [dThd +H]+,
whereas the analogous conformers of [Thd + H]+ are not found
because when the O2 proton is pointed away from the adjacent
N3 atom, it can interact with the 2'-hydroxyl substituent leading
to theO2i conformer. A detailed description of the low-energy
conformers shown in Figures S1 and S2 is given in the
Supporting Information.

2,4-Dihydroxy Tautomers

The most stable 2,4-dihydroxy tautomers of both [dThd + H]+

and [Thd + H]+, TA, prefer the anti-orientation of the
nucleobase with both the 2- and 4-hydroxyl hydrogen atoms
pointed toward N3, and C2'-endo sugar puckering. The Ti
conformer of [Thd + H]+ also exhibits the anti-orientation of
the nucleobase, but is preferentially stabilized by rotating the
2'-hydroxyl hydrogen atom to enable an O2H···O2'H···O3'H
dual hydrogen-bonding interaction and C2'-endo sugar puck-
ering. Ti lies only 0.1 kJ/mol (both B3LYP and MP2) above
TA. For both [dThd + H]+ and [Thd + H]+, the TC and TD
conformers adopt the syn orientation of the nucleobase and are
stabilized by either an O2H···O5' or O5'H···O2 hydrogen-
bonding interaction. They lie higher in free energy than the
anti-orientedTA. The relative stabilities ofTC andTD suggest
that the O2H···O5' hydrogen-bonding interaction is > 20 kJ/mol
more favorable than the O5'H···O2 hydrogen-bonding interac-
tion, which is easily understood based on the additional stabi-
lization provided by ion-dipole and ion-induced dipole inter-
actions in the former.

O2 Protonation

The most stable O2 protonated conformers of both [dThd + H]+

and [Thd + H]+,O2A, prefer a syn orientation of the nucleobase
with the 2-hydroxyl proton hydrogen bonded to O5' and C2'-
endo sugar puckering. In contrast,O2B,O2a,O2C, andO2b of
[dThd + H]+, which all exhibit the anti-orientation of the
nucleobase are >35 kJ/mol less favorable than O2A. The O2i
conformer of [Thd + H]+ adopts the anti-orientation of the
nucleobase with the excess proton rotated away from N3 and
hydrogen bonded to the 2'-hydroxyl oxygen atom, enabling

Figure 2. Infrared multiple photon dissociation (IRMPD) action
spectra of [dThd + H]+ and [Thd + H]+ in the FELIX and OPO
regions
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O2H···O2'H···O3' dual hydrogen-bonding interactions and C2'-
endo sugar puckering. O2i lies only 0.6 kJ/mol (B3LYP) and
0.9 kJ/mol (MP2) higher in energy than O2A. The other O2
protonated conformers of [Thd +H]+ that exhibit an anti-oriented
nucleobase, but without the dual hydrogen-bonding interaction,
lie >30 kJ/mol higher in free energy than O2i.

O4 Protonation

The most stable O4 protonated conformers of [dThd + H]+ and
[Thd + H]+, O4A and O4i, respectively, exhibit the anti
orientation of the nucleobase with the 4-hydroxyl hydro-
gen atom pointed away from N3 and C3'-endo sugar
puckering. For both [dThd + H]+ and [Thd + H]+, when

the 4'-hydroxyl hydrogen atom of the anti-oriented
nucleobase points toward the N3 atom, the stability of
the conformers is reduced by >10 kJ/mol. The O4F
conformers of both [dThd + H]+ and [Thd + H]+ that
adopt a syn orientation of the nucleobase with the 5'-
hydroxyl hydrogen atom oriented toward O2 to form an
O5'H···O2 hydrogen-bonding interaction are >15 kJ/mol
less favorable than the most stable anti-oriented O4 pro-
tonated conformers.

Effects of the 2'-Hydroxyl Substituent

The presence of the 2'-hydroxyl substituent allows a
hydrogen-bonding interaction with the 3'-hydroxyl

Table 1. Relative Enthalpies and Free Energies at 0 and 298 K in kJ/mol of Stable Low-Energy Conformers of [dThd + H]+ and [Thd + H]+a

Conformer Nucleobase orientation Sugar puckering B3LYP MP2(full)

ΔH0 ΔH298 ΔG298 ΔH0 ΔH298 ΔG298

[dThd + H]+

TA anti C2'-endo 0.1 1.5 0.0 1.0 2.5 0.0
TB anti C3'-endo 0.5 2.2 0.7 2.7 4.4 2.0
TC syn C2'-endo 0.0 0.0 3.0 0.0 0.0 2.1
O4A anti C3'-endo 3.9 6.0 3.3 13.7 15.8 12.2
O4B anti C2'-endo 5.6 7.6 3.8 15.0 17.0 12.2
O2A syn C2'-endo 1.4 1.5 4.1 3.7 3.8 5.5
O4C anti C3'-endo 16.2 18.5 15.3 26.3 28.6 24.4
O4D anti C2'-endo 17.4 19.6 15.5 26.7 28.9 23.9
O4E anti C3'-endo 23.2 25.5 20.3 35.4 37.7 31.6
TD syn C2'-endo 31.0 32.8 29.9 34.0 35.7 32.0
O4F syn C2'-endo 31.2 32.8 31.3 40.6 42.2 39.8
O2B anti C2'-endo 42.0 44.3 41.5 43.8 46.1 42.3
O2a anti C2'-endo 43.4 45.6 42.6 45.2 47.3 43.4
O2C anti C3'-endo 45.9 48.8 44.2 51.4 54.3 48.7
O2b anti C3'-endo 51.3 54.2 49.0 57.3 60.2 54.1

[Thd + H]+

TA anti C2'-endo 0.6 1.8 0.0 0.7 1.8 0.0
Ti anti C2'-endo 0.0 0.0 0.1 0.0 0.0 0.1
TC syn C2'-endo 1.0 1.0 2.2 0.8 0.9 2.1
TB anti C3'-endo 3.3 4.5 2.6 3.2 4.6 2.4
Tii anti C2'-endo 5.4 6.6 5.2 4.0 5.2 3.7
O2A syn C2'-endo 4.1 4.3 5.2 6.1 6.3 7.1
O2i anti C2'-endo 5.5 5.6 5.8 7.8 7.9 8.0
O4i anti C3'-endo 6.9 8.6 6.2 13.7 15.4 12.9
Tiii anti C3'-endo 7.7 9.2 7.3 6.6 8.1 6.1
O4B anti C2'-endo 8.9 10.7 7.3 16.5 18.3 14.8
O4A anti C3'-endo 9.9 11.7 8.5 16.6 18.4 15.1
O4ii anti C2'-endo 10.5 11.6 10.1 15.6 16.6 15.1
O4iii anti C2'-endo 15.0 16.6 13.9 21.3 23.0 20.2
O4D anti C2'-endo 20.0 21.9 18.3 27.5 29.5 25.8
O4iv anti C3'-endo 19.6 21.6 18.6 26.5 28.5 25.4
O4C anti C3'-endo 21.9 23.9 20.3 29.2 31.2 27.5
O4v anti C2'-endo 22.9 24.2 22.3 28.0 29.3 27.3
O4F syn C2'-endo 24.8 26.1 23.4 33.8 35.2 32.4
O4E anti C3'-endo 27.4 29.3 24.1 35.8 37.8 32.5
O4vi anti C2'-endo 26.0 27.8 24.9 32.2 34.0 31.0
TD syn C2'-endo 27.3 28.7 25.1 30.2 31.6 27.9
O2B anti C2'-endo 40.4 42.6 38.7 41.3 43.5 39.6
O2ii anti C2'-endo 45.0 47.2 43.8 44.3 46.4 43.0
O2C anti C3'-endo 47.1 49.4 44.6 50.6 52.9 48.1
O2iii anti C3'-endo 55.0 57.9 52.1 56.9 59.8 54.0

aSingle point energy calculations of B3LYP/6-311+G(d,p) optimized structures are performed at the B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels
of theory including ZPE and thermal corrections.
Note: The stabilities of all conformers that may be populated in the experiments are indicated in boldface.
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substituent, and thus provides greater opportunities for the
low-energy conformers to exhibit various favorable orien-
tations of the 2'- and 3'-hydroxyl substituents (i.e., the Tii,
O4i, Tiii, O4iii, O4iv, O4vi, O2ii, and O2iii conformers.
In addition, the O2H···O2'H···O3' and O3'H···O2'H···O2
dual hydrogen-bonding interactions are enabled by the
presence of the 2'-hydroxyl substituent. Both dual
hydrogen-bonding interactions stabilize the anti-oriented
nucleobase and C2'-endo sugar puckering (i.e., the Ti,
O2i, O4ii, and O4v conformers. Similar effects of the 2'-
hydroxyl substituent on the conformation are also found
for the protonated forms of the DNA and RNA nucleosides
of guanine, adenine, and cytosine [29–31]. Conversely, our
previous study of the protonated forms of uridine and 2'-
deoxyuridine [22] reveals the effects of the 2'-deoxy mod-
ification. In particular, this modification reduces the

number of favorable orientations of the free 3'-hydroxyl
substituent and eliminates the formation of the dual
O2H···O2'H···O3' and O3'H···O2'H···O2 hydrogen-bonding
interactions.

Discussion
Comparison of the Measured IRMPD
and Computed IR Spectra of [dThd + H]+.

The experimental IRMPD and theoretical IR spectra of the
low-energy conformers, TA, TB, TC, O2A, and O4A of
[dThd + H]+ in the FELIX and OPO regions are compared
in Figure 3. The calculated IR spectra of these T and O2
conformers complement each other and exhibit very good
agreement with the measured IRMPD spectra. In

Figure 3. Comparison of the measured IRMPD action spectrum of [dThd + H]+ with the theoretical linear IR spectra for the select
low-energy conformers of [dThd + H]+ and the corresponding optimized structures calculated at the B3LYP/6-311+G(d,p) level of
theory. Also shown are the B3LYP/6-311+G(2d,2p) (in black) and MP2(full)/6-311+G(2d,2p) (in red) relative Gibbs free energies at
298 K. The state of protonation, nucleobase orientation, and sugar puckering are also indicated for each conformer. The measured
IRMPD spectrum is overlaid with each theoretical spectrum and scaled to match the intensities of the computed bands in the FELIX
and OPO regions separately to facilitate comparisons
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particular, the bands observed at ~1785 and ~3395 cm–1

are contributed only by the O2A conformer, whereas the
band at ~3580 cm–1 and its shoulder to the red at
~3565 cm–1 are contributed only by the T conformers,
and all other bands arise from both the T and O2 con-
formers. The calculated band at ~1565 cm–1 of the TC
conformer may contribute to the nonzero valley between
the bands measured at ~1605 and ~1520 cm–1. In contrast,
the calculated IR spectrum of O4A exhibits obvious dis-
crepancies with the measured spectrum. These discrepan-
cies are highlighted in the comparison. In particular, the
strikingly strong band predicted at ~1575 cm–1 for O4A
would be expected to broaden the bands observed at ~1605
and ~1520 cm–1 if they were populated in measurable
abundance. The bands predicted at ~3605 cm–1 and
~1290 cm–1 for O4A are not observed in the measured
spectrum. Also, the band calculated at ~1630 cm–1 for
O4A is shifted to a lower frequency relative to the mea-
sured band at ~1650 cm–1. Therefore, it can be concluded
that O4A is not populated by ESI. Comparisons between
the measured IRMPD and calculated IR spectra for the
other low-energy conformers computed are shown in
Figures S3 and S4 and are discussed in the Supporting
Information. In particular, similar to O4A, the disagree-
ment between the calculated IR spectra of the other O4
protonated conformers and the measured IR spectrum
eliminates their presence in the experimental population.
The calculated IR spectrum of TD exhibits good agree-
ment with the measured spectrum, but its calculated rela-
tive stability suggests that if it is present, its population is
likely negligible.

In summary, O4 protonated conformers of [dThd + H]+

are clearly not populated in the experiments. The 2,4-
dihydroxy tautomers, TA, TB, and TC are populated in
the experiments. TD may be present, but likely in negligi-
ble abundance. O2A also contributes to the experimental
population.

Resonant Vibrational Modes of [dThd + H]+

Comparison of the IRMPD spectrum with the calculated IR
spectra of the conformers populated allows vibrational assign-
ments to bemade. In the FELIX region, the small IR absorption
measured at ~1785 cm–1, contributed by O2A, represents O4
carbonyl stretching. The two bands measured at ~1650 and
~1605 cm–1 primarily represent coupled C2–N3 and C5=C6
stretching, and coupled N1–C2 and C4–C5 stretching, respec-
tively. The bands measured at ~1520 and ~1495 cm-1 represent
C2–O2 and C4–O4 stretching, respectively. The weak band
measured at ~1375 cm–1 arises from bending of the hydrogen
atoms of the sugar moiety. The measured band at ~1210 cm-1,
primarily arising from the 2,4-dihydroxy tautomers, represents
coupled O2−H and O4–H bending. The band measured at
~1095 cm–1 represents stretching of the sugar ring. In the
OPO region, the measured band at ~3665 cm–1 represents
coupled O3'–H and O5'–H stretching. The intense IR

absorption measured at ~3580 cm–1 and its shoulder to the
red at ~3565 cm–1, arising from the 2,4-dihydroxy tautomers,
represent strong O2−H and O4−H stretching, respectively. The
weak band measured at ~3395 cm–1, contributed by O2A,
represents N3−H stretching.

Comparison of the Measured IRMPD
and Computed IR Spectra of [Thd + H]+

The experimental IRMPD and theoretical IR spectra of the
low-energy conformers, TA, TC, TB, O2A, and O4A of
[Thd + H]+, in the FELIX and OPO regions are compared in
Figure 4. Similar to [dThd + H]+, the calculated IR spectra of
these T andO2 conformers complement each other and exhibit
very good agreement with the measured IRMPD spectrum. In
particular, the calculated IR bands of the ground-state
conformer, TA, best reproduce the measured IR bands
in the regions of ~1400–1700 cm–1 and ~1000–1300
cm–1. The calculated bands at ~3580 cm–1 for TA and
TB and the calculated band at ~3560 cm–1 for TC may
contribute to the band observed at ~3580 cm–1 and its
strong shoulder to the red at ~3560 cm–1, respectively. In
contrast, the bands observed at ~1775 and ~3395 cm–1

can only be attributed to the presence of the O2A con-
former. The calculated band at ~1565 cm–1 for TC may
contribute to the broadening between the measured bands
at ~1595 and ~1520 cm–1. In contrast, the highlighted
bands predicted for O4A exhibit disagreement with the
measured spectrum. In particular, the bands predicted at
~3600 and ~1800 cm–1 are shifted to higher frequencies
relative to the measured bands at ~3580 and ~1775 cm–1,
respectively. The band predicted at ~1630 cm–1 is shifted
to a lower frequency relative to the measured band at
~1650 cm–1. The bands predicted at ~1570, ~1275,
~1040, and ~990 cm–1 are too intense relative to the
respective measured bands. Therefore, O4A is not popu-
lated by ESI. The experimental IRMPD and theoretical
IR spectra of the low-energy conformers, Ti, Tii, O2i,
and Tiii of [Thd + H]+, in the FELIX and OPO regions
are compared in Figure 5. In particular, the weak band
observed at ~3610 cm–1 is contributed by Tii, and the
weak band measured at ~3510 cm–1 is contributed by Ti
and O2i. The bands observed at ~1775 and ~3395 cm–1

are also contributed by O2i. The calculated IR spectra of
Tii and Tiii are highly parallel to those of TA and TB,
respectively, indicating that the changes in the orienta-
tions of the sugar hydroxyls do not exert a significant
impact on the spectral features. Therefore, TA, TC, TB,
and O2A of [Thd + H]+, the conformations analogous to
those of [dThd + H]+ populated by ESI, may also be
present in the experiments. In addition, the minor 2,4-
dihydroxy tautomers, Ti, Tii, and Tiii, as well as the O2i
conformers of [Thd + H]+ may also contribute to the
experimental population. Comparisons between the mea-
sured IRMPD and calculated IR spectra for the other
low-energy conformers computed are shown in
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Figures S5 and S6 and are discussed in the Supporting
Information. In particular, various bands predicted for the
O4 protonated conformers in the regions of ~1500–
1700 cm–1 and ~3550–3650 cm–1 exhibit discrepancies
with the measured IR bands and provide evidence that
excludes the O4 protonated conformers from the experi-
mental population. Similar to [dThd + H]+, the TD con-
former of [Thd + H]+ cannot be ruled out based on its
calculated IR spectrum. However, its calculated relative
stability suggests that if it is populated, it is likely pres-
ent in negligible abundance.

In summary, O4 protonated conformers of [Thd + H]+ are
not populated in the experiments. Instead, a diverse mixture of
minor 2,4-dihydroxy tautomers,TA, Ti, TC, TB, Tii, and Tiii,
are present in the experiments. They exhibit various

combinations of nucleobase orientations and sugar puckering.
TDmay also be populated, but is likely of very low abundance.
The O2 protonated conformers,O2A andO2i, are also present
in the experiments. They adopt different nucleobase orienta-
tions, but both exhibit C2'-endo sugar puckering.

Vibrational Assignments of [Thd + H]+

Comparison of the IRMPD spectrum with the calculated IR
spectra of the conformers of [Thd + H]+ that may be
populated in the experiments allows vibrational assignments
to be made. In the FELIX region, the small IR band
measured at ~1775 cm–1 reflects O4-carbonyl stretching
from the O2A and O2i conformers. The measured IR
features at ~1650, ~1595, ~1520, and ~1490 cm–1 represent

Figure 4. Comparison of the measured IRMPD action spectrum of [Thd + H]+ with the theoretical linear IR spectra for the
select low-energy conformers of [Thd + H]+ that are analogous to the conformations shown in Figure 3 for [dThd + H]+

and the corresponding optimized structures calculated at the B3LYP/6-311+G(d,p) level of theory. Also shown are the
B3LYP/6-311+G(2d,2p) (in black) and MP2(full)/6-311+G(2d,2p) (in red) relative Gibbs free energies at 298 K. The state of
protonation, nucleobase orientation, and sugar puckering are also indicated for each conformer. The measured IRMPD
spectrum is overlaid with each theoretical spectrum and scaled to match the intensities of the computed bands in the
FELIX and OPO regions separately to facilitate comparisons
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coupled C2–N3 and C5=C6 stretching, coupled N1–C2 and
C4–C5 stretching, C2−O2 stretching, and C4–O4 stretching
respectively. The IR band measured at ~1390 cm–1 repre-
sents bending motions of the ring hydrogen atoms. The IR
band measured at ~1210 cm–1 represents coupled O2–H
and O4–H bending. The IR band measured at ~1160 cm–1

represents bending of the sugar hydrogen atoms coupled
with O2–H and O4–H bending. The IR band measured at
~1115 cm–1 arises from ring breathing of the sugar. In the
OPO region, the band measured at ~3665 cm–1 represents
coupled O3'–H and O5'–H stretches, arising from TA, Ti,
TC, TB, O2A, and O2i, or coupled O2'–H and O5'–H
stretches, arising from Tii and Tiii. The weak band mea-
sured at ~3610 cm–1, primarily contributed by Tii and Tiii,
represents O3'–H stretches. The IR band measured at
~3580 cm–1, and its shoulder at ~3560 cm–1, reflect O2–H
and O4–H stretches, respectively. The weak feature observed
at ~3510 cm–1 is primarily contributed by the O2'–H stretch of
Ti and O2i, in which the 2'-hydroxyl is involved in dual
hydrogen-bonding interactions. The weak IR band measured

at ~3395 cm–1, contributed only by the O2 protonated con-
formers, O2A and O2i, reflects the N3–H stretch.

Maxwell-Boltzmann Weighted and Least Squares
Fitted Populations

Visual comparisons between the measured IRMPD and calcu-
lated IR spectra for the low-energy conformers of [dThd + H]+

and [Thd + H]+ suggest that minor 2,4-dihydroxy tautomers as
well as O2 protonated conformers are populated in the exper-
iments. In particular, the TA, TB, TC, O2A, and TD con-
formers of [dThd + H]+, and the TA, Ti, TC, TB, Tii, O2A,
O2i, Tiii, and TD conformers of [Thd + H]+ may be populated
in the experiments. To enhance the interpretation, least squares
fitting (LSF) of the measured spectra based on the calculated IR
spectra of all low-energy conformers within 10 kJ/mol
(B3LYP), including T, O2, and O4 conformers, as well as
the TD conformers of both [dThd + H]+ and [Thd + H]+ was
performed. The best least squares fits found for [dThd + H]+

suggest that TB, O2A, TC and TD or TA, O2A, TC and TD

Figure 5. Comparison of the measured IRMPD action spectrum of [Thd + H]+ with the theoretical linear IR spectra for
additional low-energy conformers of [Thd + H]+ that may also be populated in the experiments and the corresponding
optimized structures calculated at the B3LYP/6-311+G(d,p) level of theory. Also shown are the B3LYP/6-311+G(2d,2p) (in
black) and MP2(full)/6-311+G(2d,2p) (in red) relative Gibbs free energies at 298 K. The state of protonation, nucleobase
orientation, and sugar puckering are also indicated for each conformer. The measured IRMPD spectrum is overlaid with
each theoretical spectrum and scaled to match the intensities of the computed bands in the FELIX and OPO regions
separately to facilitate comparisons
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are present, and represent 71.6%, 13.8%, 13.7%, and 0.9%, or
70.9%, 13.5%, 14.3%, and 1.3% of the ESI population. As
found from our visual comparison, the O4 protonated con-
formers of [dTh +H]+ are absent in the population. TA and
TB were not readily differentiated by LSF because the calcu-
lated IR features of TA and TB are highly parallel and ex-
changeable. The best least squares fit found for [Thd + H]+

suggests that Ti, TC, TB, Tii, TD,O2A, andO4ii are present,
and represent 16.4%, 12.6%, 31.4%, 11.6%, 7.3%, 18.3%, and
2.4% of the ESI population. The LSF chose TB and Tii over
Tiii and TA because the calculated IR spectra of TB and Tiii as
well as Tii and TA, respectively, are highly parallel, but TB and
Tii reproduce the measured spectrum slightly better. The best
LSF suggests that theO4ii conformer is populated at 2.4% of the
ESI population, but when the O4 protonated conformers are not
included in the analyses, the LSF fits are still able to fit the
spectrum and give rise to residuals that are only slightly larger,
i.e., they suggest that Ti, TC, TB, Tii, TD, andO2A or Ti, TC,
TB, Tii, TD, and O2i are present, and represent approximately
9.7%, 18.5%, 33.6%, 10.0%, 2.2%, and 26.0% or 5.7%, 11.0%,
40.7%, 8.0%, 12.3%, and 22.3%, respectively. This suggests
that when a different O2 protonated conformer, O2A or O2i is
present, the percentage of each T tautomer in the population
varies, but the T versus O2 ratios are similar. The various fits
that give rise to small residuals suggest that the populations of
the 2,4-dihydroxy tautomers versus the O2 protonated con-
formers for [dThd + H]+ are 87% ± 2% and 13% ± 2%, whereas
the populations of the 2,4-dihydroxy tautomers versus the O2
protonated versus O4 protonated conformers for [Thd + H]+ are
81% ± 6%, 18% ± 6%, and 1% ± 1%.

Themeasured IRMPD spectra of [dThd +H]+ and [Thd +H]+

are compared with the linear IR spectra predicted for Maxwell-
Boltzmann weighted (MBW) distributions at room temperature
based on the B3LYP and MP2 relative stabilities as well as the
best LSF fits. The B3LYP and MP2MBW spectra include all of
the low-energy conformers that are concluded to be populated
based on visual comparison between the measured IRMPD and
calculated IR spectra. These comparisons are shown in
Figures S7 and S8. Comparisons in Figure S7 suggest that
overall the LSF, B3LYP, and MP2 MBW spectra exhibit good
agreement with the measured spectrum. Different ratios of the
2,4-dihydroxy tautomers versus the O2 protonated conformers of
[dThd + H]+ predicted by LSF, B3LYP, and MP2 lead to the
modest differences among the spectra. B3LYP and MP2 predict
ratios of 2,4-dihydroxy tautomers versus O2 protonated con-
formers to be 92%:8% and 94%:6%, respectively, whereas the
best LSF fit suggests the ratio to be 86%:14%. Therefore, both
B3LYP and MP2 appear to underestimate the relative stabilities
of the O2 protonated conformers of [dThd + H]+. In
Figure S8, the intensities of the bands at ~1775 and
~3395 cm–1 that arise from O2 protonated conformers are
underestimated by both B3LYP and MP2. The best LSF fit
suggests the O2 protonated conformers account for ~18% of
the ESI population, whereas B3LYP and MP2 predict their
population to be ~7% and ~3%, respectively. Again, B3LYP
and MP2 appear to underestimate the relative stabilities of the

O2 protonated conformers of [Thd + H]+. The calculated IR
spectra of [Thd + H]+ based on the ratio of the tautomeric
conformations, T:O2:O4 = 79.3%:18.3%:2.4%, suggested by
the best LSF fit, and without the O4 protonated conformers,
the ratio of T:O2 = 79.3%:20.7% are compared in Figure S9.
These two calculated IR spectra are nearly identical, suggest-
ing that the 2.4% population of the O4 protonated conformers
does not exert a significant impact on the averaged IR spectra.
Therefore, the O4 protonated conformers of [Thd + H]+ are
likely not important contributors to the ESI population.

Comparison to Protonated Thymine

A previous IRMPD and theoretical study of protonated thymine
[9] suggests that the lowest-energy conformer, the minor 2,4-
dihydroxy tautomer with both the 2- and 4-hydroxyl hydrogen
atoms pointed towardN3, dominates the population. The second
most stable conformer, the O4 protonated conformer is also a
minor contributor to the population. O2 protonated conformers
are absent. In contrast, the current study of [dThd + H]+ and
[Thd + H]+ suggests that the presence of the sugar moieties
allows a larger variety of minor 2,4-dihydroxy tautomers to exist
and to be populated in the experiments. Moreover, comparison
between the measured IRMPD and calculated IR spectra indi-
cates the absence of O4 protonated conformers, whereas the O2
protonated conformers are present in the experiments. Thus,
hydrogen-bonding interactions with the sugar moieties alter
the tautomeric conformations populated.

Comparison to Protonated Uridine
and 2'-Deoxyuridine

Our previous IRMPD and theoretical study of the protonat-
ed forms of uridine and 2'-deoxyuridine, [Urd + H]+ and
[dUrd +H]+, suggests that a variety of 2,4-dihydroxy tautomers
and the O4 protonated conformers are populated in the exper-
iments [22]. In contrast, the current study suggests that the O4
protonated conformers of [dThd + H]+ and [Thd + H]+ are
not populated or are populated in negligible abundance in the
experiments, whereas O2 protonated conformers are clearly
present. This suggests that the presence of the 5-methyl
substituent in [dThd + H]+ and [Thd + H]+ alters the relative
stabilities of the O4 protonated conformers and their popula-
tions in the experiments. Moreover, our previous IRMPD and
theoretical study of [Urd + H]+ and [dUrd + H]+ suggests that
the minor 2,4-dihydroxy tautomers may account for 75% ±
2% and 68% ± 7% of the ESI population [22], respectively,
whereas the current study suggests that 87% ± 2% and 81% ±
6% of the ESI population are contributed by the minor 2,4-
dihydroxy tautomers of [dThd + H]+ and [Thd + H]+, respec-
tively. Thus, the minor 2,4-dihydroxy tautomers are some-
what more important for [dThd + H]+ and [Thd + H]+.
Interestingly, the minor 2,4-dihydroxy tautomers of both the
naturally occurring [Urd + H]+ and [dThd + H]+ account for a
larger portion of the ESI population than those of their
modified counterparts, [dUrd + H]+ and [Thd + H]+,
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respectively, and thus both modifications slightly reduce the
propensity for tautomerization.

Comparison to Salpin’s IRMPD study
of [dThd + H]+

Essentially simultaneous with this work, Salpin et al.
[23] used a quadrupole ion trap coupled to the CLIO
free electron laser to measure the IRMPD spectrum of
[dThd + H]+ in the IR fingerprint region between 1000
and 2000 cm–1. Their measured IRMPD spectrum for
[dThd + H]+ is highly parallel to that reported here,
but is somewhat less resolved, particularly in the region
of ~1400 to 1550 cm–1. Differences in the relative
IRMPD yields of various bands are also observed. The
ground-state conformation of [dThd + H]+ and its linear
IR spectrum computed at B3LYP/6-311++G(3df,2p)//
B3LYP/6-31++G(d,p) level of theory determined in that
work are consistent with those found here. We also agree
that 2,4-dihydroxy tautomers and O2 protonated con-
formers coexist in the experimental populations. Based
solely on comparison of the calculated spectra with their
measured spectrum in the IR fingerprint region, O4 pro-
tonated conformers cannot be ruled out. However, differ-
ences in the spectral features observed in the hydrogen-
stretching region in the present work and those predicted
for O4 protonated conformers eliminate them from the
experimental population. The LSF procedure employed
here also provides an estimate of the relative populations
of the T versus O2 conformations populated by ESI.

Conclusions
The IRMPD action spectra of [dThd + H]+ and [Thd + H]+ in
the region of ~600–1900 cm–1 and ~3300–3800 cm–1 have
been measured and compared with the linear IR spectra calcu-
lated at the B3LYP/6-311+G(d,p) level of theory to determine
the favorable state(s) of protonation/tautomerization and
the conformations populated by ESI. Both B3LYP and
MP2 levels of theory predict the minor 2,4-dihydroxy
tautomer with the nucleobase in the anti-orientation, both
2- and 4-hydroxyl groups pointing toward N3, and C2'-
endo sugar puckering as the most stable conformation for
both [dThd + H]+ and [Thd + H]+. The 2'-hydroxyl
substituent does not lead to significant conformational
differences between [dThd + H]+ versus [Thd + H]+.
However, the 2'-hydroxyl substituent increases the oppor-
tunities for hydrogen-bonding interactions with the
nucleobase as well as the adjacent 3'-hydroxyl substituent.
Therefore, more low-energy conformations are found for
[Thd + H]+. The comparisons between experiment and
theory suggest that the minor 2,4-dihydroxy tautomers
account for over 80% of the ESI population for both
[dThd + H]+ and [Thd + H]+. The 2'-hydroxyl substituent
allows a larger variety of the 2,4-dihydroxy tautomers of
[Thd + H]+ to be present in the experiments. However,

the 2,4-dihydroxy tautomers of [Thd + H]+ contribute 81% ±
6% to the ESI population, less than those of [dThd + H]+, 87%
± 2%.O2A of both [dThd + H]+ and [Thd + H]+ as well asO2i
of [Thd + H]+ also contribute to the ESI population. Electronic
effects of the 5-methyl substituent lead to the absence of O4
protonated conformers in the experiments. In contrast, for both
[Urd + H]+ and [dUrd + H]+, the O2 protonated conformers are
absent in the experiments [22] and the O4 protonated con-
formers of [Urd + H]+ and [dUrd + H]+ account for a larger
portion of the ESI population than the O2 protonated con-
formers of [dThd + H]+ and [Thd + H]+. Thus, the 5-methyl
substituent clearly alters the protonation preferences of
[dThd + H]+ and [Thd + H]+ versus those of [dUrd + H]+

and [Urd + H]+. This work along with parallel IRMPD and
theoretical studies of the protonated forms of the other
common DNA and RNA nucleosides [22, 29-31] have
enabled the preferred states of protonation/tautomerization
and the conformations populated by ESI to be established.
In general, the measured nonlinear IRMPD spectra are well
reproduced by the room-temperature MBW linear IR spectra
based on the low-energy conformers populated by ESI in
spite of the anharmonicity effects associated with the multi-
ple photon dissociation process employed. These studies
clearly establish IRMPD action spectroscopy as a powerful
tool for characterizing intrinsic structural properties of the
fundamental building blocks of nucleic acids.
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